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Abstract 
The Southeastern United States is a biological hot-spot for carnivorous plants, with over half 
of the North American species occurring along the Gulf Coast. Pinguicula planifolia Chapman is one 
of six carnivorous perennial butterwort species found in the Florida Panhandle. Among these species, 
only P. planifolia expresses a distinct variation of red coloration on its leaves. The functional role of 
foliar anthocyanins may include stress response to drought and nutrient deficiency, herbivory defense, 
free radical scavenging, and photoprotection. Carnivorous plant leaves face strong selection pressures 
to optimize prey capture and nutrient absorption. Given the frequency of these red pigments in such 
specialized trapping leaves of carnivorous plants, their presence may be providing some type of 
physiological adaptation. The objectives of this study were : 1 )  to determine how environmental 
factors impact foliar anthocyanin production in P. planifolia, 2) to investigate how light manipulation 
affects foliar anthocyanin content of green and red plants over time, 3) to determine how foliar 
anthocyanins affects prey capture, and 4) to investigate how leaf gland density differs in red and 
green leaves. 
Three field studies ( quadrat, light manipulation, and prey capture) were conducted at 7 
populations within the Florida Panhandle, and 2 lab studies (chamber and gland density) were 
conducted at Eastern Illinois University. In the quadrat study, chlorophyll and anthocyanin content 
indexes in leaves of plants selected in quadrats along a transect were measured as a factor of light 
intensity, water depth, soil nutrients, water nutrients, and habitat structure. In the light manipulation 
study, three treatments (control, clipped, and caged) were established for red and green plants. These 
treatments tested the effects of normal, heightened, and lowered solar radiation on red and green 
plants over time. The prey capture study employed artificial sticky traps painted to match leaf colors 
(red or green), which were established next to plants with red or green leaves. Prey was collected 
from artificial traps and leaves to determine how color affects prey capture. The chamber study tested 
ex situ responses of P. planifolia anthocyanin production to artificial environmental cues by growing 
plants in controlled growth chambers under varying conditions including light intensity, nutrient 
levels, and substrate moisture levels. In the gland density study, leaf clear ings were performed to 
conduct density counts of stalked and sessile  glands on red and green leaves .  
Fol iar anthocyanin content i s  corre lated positively with light intensity and negatively with 
water depth and vegetation height. In soil,  calcium and pH leve l s  are positively correlated with fol iar 
anthocyanins .  In water, bicarbonates and pH leve ls  are positively correlated with fol iar anthocyanins .  
In water, ammonium i s  negative ly  correl ated with foliar anthocyanins .  In field  and laboratory 
settings, exposing red p lants to decreased l ight intensity sign ificantly reduced foliar anthocyanin 
content, while exposing green plants to increased l ight intensity sign ificantly increased foliar 
anthocyanin content. Rosette diameter and leaf number of plants grown in artificial high light 
conditions ( 1 200- 1 500 µmol/m2/s) were significantly higher than of plants grown in artificial low 
light conditions (500-800 µmol/m2/s). Growing plants with fertilizer ( 1 6- 1 6- 1 6  diluted to 0 .9 g/ l L) 
added to underlying water reduced survival by over 70%. Green traps (both artificial and leaves) 
captured significantly more prey than red traps. The most abundant taxon captured on leaves, 
regardless of color, was Collembola (62-67%). Red leaves contained a significantly higher number of 
stalked glands ( 1 2 .7) compared to green leaves (9.9), while sessile gland density did not differ 
between leaf colors . 
This study provides evidence that light intensity alone can effectively increase or decrease 
anthocyanin production in P. planifolia. Further work is needed to determine if anthocyanins may 
serve as a type of protective screening from UV radiation in this species. Increased calcium 
availability along with higher pH in soils may serve to enhance anthocyanin production. Increased 
bicarbonates and higher pH in water also may be linked to increased foliar anthocyanins. Plants at the 
germination to seedling stage thrive in higher light intensities, likely due to increased photosynthetic 
activity. This species exhibits a strong resiliency to low nutrient/anoxic soil conditions, as plants 
thrived in completely submerged conditions for over 4 months, producing the largest plants of all 
chamber study treatments .  Anthocyanins do not appear to play a role in prey attraction. The target 
ii 
prey (Collembola) may be attracted to olfactory or other cues emitted by these plants. While leaf 
color affected stalked gland density on P. planifolia leaves, where they had sporadic occurrence 
compared to sessile glands, which were more evenly spaced. Since stalked glands are the first step to 
prey consumption, they may be more sensitive to the environmental changes that affect leaf color, 
compared to sessi le glands. 
While there is much more to learn about the physiological role of foliar anthocyanins and its 
importance to the conservation of this species, we can conclude that light exposure is the principal 
factor linked to anthocyanin production in Pinguicula planifolia. 
iii 
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Plant carnivory is an adaptive strategy that has evolved independently many times in response 
to nutrient-poor growing conditions (Albert et al . 1 992). As a result, these plants are typically found 
in habitats with substrates that are nutritionally lacking (Ellison and Gotelli 200 1 ), such as seepage 
bogs, swamps, fens, and wet cliff faces (Juniper et al . 1 989). In these types of habitats, carnivorous 
plants must effectively trap and digest animal prey as a means to gain nutrients (e.g. nitrogen and 
phosphorus) that are unavailable in the substrate (Adamec 1 997). 
With over 700 species of carnivorous plants existing worldwide, the elaborate trapping 
mechanisms of these plants are fascinatingly diverse, ranging from the passive pitfall traps of 
Sarracenia and Nepenthes (pitcher plants), with their deadly pools of digestive fluid, to the active 
snap-traps of Dionaea (Venus flytrap) and many more (Krol et al . 20 1 2) .  Though the trapping 
mechanisms of these plants is well documented (Barthlott et al . 2007; Krol et al . 20 1 2 ;  Rice 2006), 
the means by which animals are attracted to these plants are less clear. 
Carnivorous plants might lure animal prey by means of nectar, scents or visual cues 
(Adlassnig et al . 20 1 0) .  Extrafloral nectaries attract animal prey to the slippery lid openings of pitfall 
traps in some pitcher plants (Bauer et al 2008; Bennett and Ellison 2009) . Jfugens et al . (2009) found 
that several species of Sarracenia traps emit volatiles similar to those emitted by flowers and fruits, 
and suggested that these plants use a combination of color, nectar, and volatiles to mimic flowers and 
fruits and thereby attract insects. Adhesive traps such as Drosera, Drosophyllum, and Pinguicula may 
emit volatiles with honey-like or mushroom-like scents that could attract insects (Darwin 1 875 ;  Lloyd 
1 942). Joel et al . ( 1 985) suggests that ultraviolet patterns found in or near the trapping mechanisms of 
several carnivorous plants (Sarracenia, Heliamphora, Drosophyllum, Dionaea, and Pinguicula) may 
lure insects by providing contrast to surrounding plants. Continuing with the theme of visual cues, an 
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emerging theory that has been suggested for prey attraction in carnivorous plants is vegetative 
coloration, specifically from anthocyanins. 
Anthocyanins belong to a water-soluble group of plant pigments known as flavonoids. These 
pigments are produced in the central vacuole of plant cells and may occur in vegetative (stems, roots, 
or leaves) or reproductive (flowers and fruits) organs of the plant (Raven et al . 1 999). Anthocyanins 
appear red, pink, purple, blue, or orange, depending on the number of hydroxyl groups attached to the 
pigment' s  aromatic rings (Raven et al . 1 999) . While the production of anthocyanins in flowers and 
fruits has been strongly linked to pollinator attraction (Schwinn et al . 2006) and seed dispersal (Regan 
et al . 200 1 ), the functional role of anthocyanins in vegetative tissues remains a controversial topic. 
Gould et al . (2008) thoroughly review the wide range of proposed functions of this pigment in 
vegetative tissues, which include stress response to drought and nutrient deficiency, photoprotection, 
free radical scavenging, and herbivory defense. 
Anthocyanins are prominent in the vegetative tissues of many evolutionarily distinct 
carnivorous plant families (Droseraceae, Lentibulariaceae, Nepenthaceae, and Sarraceniaceae) 
(Bennett and Ellison 2009; Egan and van der Kooy 20 1 3 ;  Schaefer and Ruxton 2008) .  The 
conspicuous occurrence of anthocyanins in carnivorous plants suggests these pigments may be 
providing some type of selective advantage. Several studies have investigated anthocyanin production 
in carnivorous plants with this pigment being attributed to protection from photoinhibition, stress 
response to nutrient deficiency, and increased prey capture. When Pinguicula vulgaris leaves were 
exposed to increased UV-B radiation over time, anthocyanin production doubled and lower instances 
of photoinhibition occurred when the exposed leaves were flashed with intense UV -B radiation 
compared to unexposed plants (Mendez et al . 1 999). This study suggests that anthocyanins may 
provide photoprotection for some carnivorous plant species . In some Dionaea and Drosera species, 
the trapping leaves tum red when deficient in nitrogen. Ichiishi et al . ( 1 999) suggests that this red 
coloration attracts insects, providing the needed nutrients at a crucial time when they are lacking in 
the soil . The attraction of insect prey to red color continues to be a controversial subject, given that 
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most insect taxa do not perceive red wavelengths well (Briscoe and Chittka 200 1 ) .  Jiirgens et al . 
(20 1 5) hypothesized that red trapping leaves of Drosera species may lower the risk of pollinator-prey 
conflict, but they found this protection to come at a price, as the number of insects captured was 
significantly reduced with red traps compared to white or green traps. Heightened anthocyanin 
production in the pitfall traps of Sarracenia and Nepenthes species has been positively correlated with 
prey capture (Newell and Natase 1 998;  Schaefer and Ruxton 2008), suggesting that anthocyanins may 
play a role in prey attraction. 
The Southeastern United States is a biological hot-spot for carnivorous plants, as it hosts over 
half of the country' s  species (Folkerts 1 982) . Among them, the butterworts (Pinguicula) are a 
prominent genera, with 6 species occurring in the state of Florida. Pinguicula species are 
characterized by a basal rosette of prostrate leaves covered in stalked glands that secrete sticky 
mucilage and sessile glands that secrete digestive enzymes (Godfrey and Stripling 1 96 1 ) . Both glands 
work together, making each leaf a living "sticky trap," capable of both trapping and digesting insect 
prey (Legendre 2000). Early in the growing season, showy bisexual flowers are produced singly on a 
long leafless scape. The corolla is two-lipped with five petals that fuse into a spur (Legendre 2000) . 
The fruit is a bi-valved capsule, producing many tiny seeds with a honey-combed surface (Godfrey 
and Stripling 1 96 1  ). The six Southeastern US species of Pinguicula are grouped into the section 
/soloba by floral characteristics of the corolla tube having a hairy palate, short spur and the corolla 
lobes being uniform (Gluch 2005) .  
Study Species 
Pinguicula planifolia Chapm. (Lentibulariaceae), or Chapman' s  butterwort, is one of these 6 
species found in the Florida Panhandle (Gluch 2005). Chapman' s  butterwort is distinguished by 
having reddish-green leaves and deeply incised corolla lobes (Godfrey and Stripling 1 96;  Figure 1 . 1  ) .  
The species can be found growing in wet prairies, seepage slopes, depressions in  pine flatwoods, and 
drainage ditches, where it is often submerged (NatureServe 20 1 5) .  Pinguicula planifolia is state 
threatened in Florida (USDA, NRCS 20 1 6) .  This species faces several threats related to habitat loss, 
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such as pasture and pine plantation conversion, agricultural use, lack of fire, and alterations to 
hydroperiod (NatureServe 20 1 5) .  Among the six butterwort species that occur in the Florida 
Panhandle, only P. planifolia expresses a distinct variation of red coloration ( anthocyanins) on its 
insect-trapping leaves (Gluch 2005) .  
The objectives of this study were : 1 )  to  determine how environmental factors impact foliar 
anthocyanin production in P. planifolia, 2) to investigate how light manipulation affects foliar 
anthocyanin content of green and red plants over time, 3) to determine how foliar anthocyanins 
affects prey capture, and 4) to investigate how leaf gland density differs in red and green leaves. 
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Figure 1 . 1 .  Habit of Pinguicula planifolia with conspicuously red leaves. 
9 
Chapter 2 
Environmental influences on foliar anthocyanin production in Pinguicula planifolia 
Introduction 
The functional role of anthocyanins in vegetative structures has been debated by scientists for 
well over a century. Gould et al . (2008) make an excellent point that the location, duration, and 
prompting of anthocyanins in vegetative tissues is so incredibly varied among plants that it is 
nonsensical to propose a single comprehensive explanation for the function of these pigments. Many 
well supported explanations for this anthocyanin production, including ultraviolet radiation protection 
(Mendez et al . 1 999) and nutrient stress (Chalker-Scott 1 999) fall into a category as a response to an 
environmental stimulus. 
Foliar anthocyanin production has long been attributed to a photoprotective role against 
ultraviolet light exposure (Lee and Lowry 1 980; Lindoo and Caldwell 1 978). Anthocyanins 
commonly occur in the palisade and spongy mesophyll cells within plant leaves (Lee and Collins 
200 1 ) . Gould et al . ( 1 995) suggested that mesophyll cells with anthocyanin protect chloroplasts 
deeper in the cell that are less tolerant to high light exposure. Close and Beadle (2003) extensively 
reviewed pertinent literature on this topic and came to the conclusion that many factors such as the 
internal distribution of anthocyanins and the absorbance of light by anthocyanins when leaf extracts 
are subjected to photoinhibition lend strong evidence that anthocyanin has a photoprotective role. 
Within the realm of carnivorous plants and the photoprotective role of anthocyanins, Mendez et al. 
( 1 999) found that Pinguicula vulgaris leaves more than doubled in anthocyanin content when 
exposed to UV-B radiation, which may result in lower risk of photoinhibition. 
Another environmental stress linked to foliar anthocyanin production is nutritive stress, 
namely nitrogen and phosphorus deficiency (Gould et al . 2008) .  Nitrogen stress has a significant 
effect on the expression of genes regulating anthocyanin production in tomato plants (Bongue­
Bartelsman and Phillips 1 995) .  Anthocyanin production also increased in wild-type and ABA mutant 
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Arabidopsis thaliana plants when grown in phosphorus deficient soil (Trull et al . 1 997) . Carnivorous 
plants are exceptionally well adapted to thriving in nutrient poor soil conditions. These plants obtain 
nitrogen, phosphorus and other nutrient requirements mainly through the capture of insect prey 
(Adamec 1 997). Despite this specialized adaptation, carnivorous plants can utilize soil nutrients 
through root uptake when nutrients are present or artificially added to the substrate (Aldenius et al . 
1 983 ;  Karlsson and Carlsson 1 984) . Very little information is available regarding the effects of 
nutrient stress on anthocyanin production in carnivorous plants, perhaps due to the added 
complication of prey capture. In Nepenthes rafflesiana, production of anthocyanins increased when 
deprived of prey capture for 1 8  weeks. Moran and Moran ( 1 998) attributed this accumulation of 
pigments to nitrogen or phosphorus limitation. 
This study investigated how environmental factors affect the production of these red 
pigments. The obj ectives of this study were : ( 1 )  to investigate how light intensity, water depth, 
soil/water nutrient content and soil/water pH affects foliar anthocyanin production of Pinguicula 
planifolia in a field and a laboratory setting, and (2) to determine how anthocyanin production is 
affected over time when P. planifolia leaves are exposed to manipulated sunlight conditions in a field 
setting. 
Materials and Methods 
Site Description 
Seven populations (Figure 2 . 1 )  of Pinguicula planifolia Chapman within the Florida 
Panhandle were utilized for field studies. Five sites were located within Apalachicola National Forest: 
Site A, Site B, Site C, Site D, and Site E (Figures 2.2-2.6), and two sites were located within St. 
Joseph Bay State Buffer Preserve : Site F and Site G (Figures 2.7 and 2.8) .  Study sites ranged from the 
typical seepage bog (Figure 2.4), dominated by wiregrass (Aristida stricta) and sedges 
(Rhynchosphora sp.)  with an open overstory of longleaf pine (Pinus palustris) to man-made areas 
such as a borrow pit (Figure 2 .5)  and drainage ditch (Figure 2 .3) .  Vegetation composition for 
graminoids, forbs, ground covers, woody plants, plant litter and bare ground was determined at each 
1 1  
site using the Daubenmire cover class method (Daubenmire 1 959). Each population was assessed for 
average light exposure and temperature, during late March/early April, when a HOBO® Data Logger 
(Onset® Computer Corporation; Bourne, MA) was installed at each site by attaching the device to a 
PVC pipe with zip-ties and burying the PVC pipe into the soil to the point where the data logger was 
1 meter high. Each data logger measured temperature (°F) and light intensity (lumens/ft2) every 1 O 
minutes for 22 days. Temperature was converted to Celsius ( °C = [ 'F  - 32] * 5/9) and light intensity 
was converted to µmol/m2/s (µmol/m2/s = lumens/ft2 * 0.2).  Vegetation composition at study sites 
was predominantly graminoids (50-90%) and forbs ( 1 4-44%) (Figure 2.9) .  Daily mean temperatures 
at study sites ranged from 1 5-25 °C (Figure 2 . 1 0) .  Mean light intensity at study sites ranged from 
1 05- 1 244 µmol/m2/s (Figure 2 . 1 1  ). These 7 sites varied in environmental characteristics such as light 
intensity, water depth, soil nutrients, and water nutrients (Tables 2 . 1 -2 .3) .  Extensive population size 
at each site allowed for repeated sampling. 
Quadrat Study 
The quadrat study utilized all 7 field sites and consisted of three sampling periods, once every 
two weeks, starting in late February 20 1 4  and ending in early April 20 1 4. Late February is the 
beginning of the flowering season for P. planifolia and most surrounding vegetation is still dormant at 
this time, providing ease of location and conservation of field time for these low-growing plants that 
are otherwise difficult to locate. During each period of sampling, a separately located 30-m transect 
was placed in the densest portion of the population. A l -m2 quadrat was placed adjacent to the 
transect every 5 meters, alternating sides of the transect each time, for a total of 5 quadrats at 5, 1 0, 
1 5 , 20, and 25 m. Within each quadrat, a minimum of 5 and a maximum of 20 P. planifolia plants 
were marked. If over 20 plants were present within the quadrat, plants were sampled from the center 
of the quadrat, extending out until 20 plants were sampled. The newest fully expanded leaf was 
chosen from each marked plant and was given a visual score of red, mostly red, red/green, mostly 
green, or green. The same leaf was measured for chlorophyll and anthocyanin content indexes with 
handheld CCM-200 Plus and ACM-200 Plus meters (Opti-Sciences, Hudson, NH). The CCM-200 
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Plus measured optical absorbance for chlorophyll at 653 nm and 93 1 nm, and the ACM-200 Plus 
measured optical absorbance for anthocyanin at 530 nm and 93 1 nm. Light intensity (µmol/m2/s) was 
measured between 1 lam-2pm within the quadrat at plant level (or at water level if plants were 
inundated) with a quantum meter with attached 6-sensor strip (Apogee Instruments, Logan, UT), 
using a criss-cross and x-pattem within the quadrat to obtain 4 measurements that were averaged. 
Water depth (cm) within each quadrat was measured with a meter stick at the four comers and at the 
center point of each quadrat and then averaged. Within each quadrat, vegetation height was measured 
with a meter stick at the four comers and center point of the quadrat, and then averaged. 
During the third sampling period, a Waterproof Quantum Meter Single Sensor (Apogee 
Instruments, Logan, UT), was· acquired and used to measure underwater light intensity (µmol/m2/s), 
given that many plants in populations were submerged. A light reading was taken at the four comers 
and at the center point of each quadrat and then averaged. Both the strip sensor and underwater sensor 
were used for the third sampling period, and light readings were re-measured with the strip meter and 
underwater meter for quadrats used in the first and second sampling periods. Soil samples and water 
samples were collected for nutrient analysis from each of the 5 quadrats of the third transect during 
the third sampling period. Soil samples were collected from each quadrat by using a hand trowel to 
scrape soil to a depth of 3-4 cm adjacent to 5 -20 random P. planifolia individuals within the quadrat. 
Soil samples within the same quadrat were combined (totaling approximately 355  grams), placed in a 
clean plastic bag, and sent to A&L Great Lakes Laboratories (Fort Wayne, IN) for analysis. All soils 
were tested for nitrate, ammonium, phosphorus, potassium, magnesium, calcium, pH, and organic 
matter content. Water samples were collected by using a 5 -mL pipette to draw out water surrounding 
5-20 random P. planifolia individuals within the quadrat. Water samples within the same quadrat 
were combined (totaling approximately 240 mL), placed in a clean plastic container, and sent to Ward 
Laboratories Inc. (Kearney, NE) for analysis. Water samples were tested for nitrate, ammonium, 
potassium, magnesium, carbonates, bicarbonates, and pH. 
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A one-way analysis of variance followed by Duncan's  multiple range test and bivariate 
Pearson' s  correlations were used to compare visual scores to anthocyanin and chlorophyll content 
indexes. Bivariate Pearson' s  correlations were used to examine the relationship among foliar 
pigments with environmental factors (light intensity, water depth, and vegetation height), as well as to 
correlate foliar pigments with soil/water nutrients . All statistical analyses were run using SPSS 
Statistics Version 22. 
Chamber Study 
In late October 20 1 3 , approximately 3600 P. planifolia seeds were soaked for 24 hours in a 
500 mg/L gibberellic acid solution to induce germination. Approximately thirty treated seeds were 
transferred to each of one-hundred twenty plastic pots (4.5  cm x 4.5 cm x 4 cm) containing 
sterilized/moistened sphagnum peat moss (Premier Horticulture Inc. ,  Quakertown, PA) with the 
intention to have at least 5 plants surviving in each pot. Sixty pots were placed into a Conviron® 
growth chamber at 25 °C with a high light intensity ( 1 343 .6 ± 27.8 µmol/m2/s) under fluorescent 
bulbs, and the other 60 pots were placed into another Conviron® growth chamber at 25 °C with a low 
light intensity (652.2 ± 3 1 .2 µmol/m2/s) under fluorescent bulbs. Both chambers were set at a 1 6-hour 
photoperiod. All pots were watered from underneath with distilled water. Every 3 months, visual 
score (green, mostly green, red/green, mostly red, and red), leaf number, and rosette diameter were 
recorded for each plant and averaged per pot. Plants did not become established till 6 months after 
seeds were planted, so measurements started after 6 months. 
In early November 20 1 4, all pots in both chambers were reduced to 1 rosette per pot. Half of 
the plants (30 pots) in each chamber were moved to the other chamber (from high light to low light or 
vice versa), resulting in the same number of plants ( 60) in each chamber, half of them being transfers. 
This movement of plants resulted in 4 light treatments which will be referred in subsequent tables and 
figures as : low to low, low to high, high to high, and high to low, each name representing the chamber 
where the plants started, followed by the chamber where the plants were moved after approximately 1 
year. Five new fertilizer/water treatments also were started at the time plants were moved for each 
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light treatment. These fertilizer/water treatments will be referred in subsequent tables and figures as : 
control, spray water, spray fertilizer, below fertilizer, and submerged. Submerged treatments were not 
performed on plants at low to low and low to high light levels, due to difficulties related to small 
plant size and soil floatation. For the spray treatments, once a month each rosette was sprayed 1 0  
times with either distilled water or MaxSea ( 1 6- 1 6- 1 6) fertilizer (Maxsea, Gaberille, CA) diluted to 
0.9 g/L distilled water, as this concentration is recommended for carnivorous plants (California 
Carnivores 20 1 6) .  For the below fertilizer treatment, plants were watered from below with MaxSea 
( 1 6- 1 6- 1 6) fertilizer solution diluted to 0.9 g/L distilled water. For the submerged treatment, all plants 
were completely submerged under approximately 8 cm of distilled water. For the control, no 
additional treatments were done. All plants were assessed monthly for visual color, leaf number, and 
rosette diameter. 
A one-way analysis of variance was used to compare means for visual score, leaf number, 
and rosette diameter between high light and low light treatments for measurements taken during first 
1 2  months of treatments .  A two way analysis of variance followed by Duncan' s multiple range tests 
was used to determine the effects and interactions of light treatments (low to low, low to high, high to 
high, and high to low) and fertilizer/water treatments (control, spray water, spray fertilizer, below 
fertilizer, and submerged) on visual score, leaf number, and rosette diameter. All statistical analyses 
were run using SPSS Statistics Version 22. 
Light Manipulation Field Study 
A manipulative field study was conducted at Site F .  During late April 20 14,  1 5  red plants and 
1 5  green plants (determined by visual scoring) were marked. Before any treatments took place, water 
depth, light intensity (µmol/m2/s) at plant level [Waterproof Quantum Meter Single Sensor (Apogee 
Instruments, Logan, UT)] ,  and visual color of the marked plants were recorded. A photo also was 
taken of each rosette . Within both color groups, a subset of treatments (control ,  clipped, or caged), 
was assigned with 5 plants in each treatment. Control plants were untreated. The clipped treatment 
consisted of laying down a 0.25 m2 quadrat with the marked plant at the center point, and cutting back 
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all surrounding vegetation within the plot to approximately 5 cm in height. For the caged treatment, 
metal fencing wire was cut and shaped into a cylinder (27 cm height x 22 cm width) and two layers of 
Saddle Tan shade cloth (Easy Gardener Products Inc . ;  Waco, TX) were sewn onto the fencing with 
fishing line, forming a shaded cylindrical cage that was centered over the plants (Figure 2. 1 2) .  Metal 
sod staples were used to secure the cages to the ground. After treatments were initiated (vegetation 
was cut back and cages were placed), light intensity (at plant level) was recorded again for all 
treatments. After 2 months (late June 20 1 4), all measurements (water depth, light intensity, visual 
score) were repeated, including photographs (cages were removed in order to take photos). 
Approximately 1 1  months later (mid-March 20 1 5) ,  all measurements were repeated and photographs 
were taken of marked plants. 
A one-way analysis of variance was used to compare visual score, light intensity, and water 
depth means among control, clipped, and caged treatments of red and green plants. All statistical 
analyses were run using SPSS Statistics Version 22. 
Results 
Quadrat Study 
Anthocyanin content indexes increased significantly with visual scores [F( 4, 1 004) = 63 1 .9, p 
:S 0.00 1 ] .  Visual scores ofred contained the highest levels of anthocyanins (Table 2.4). Anthocyanins 
decreased proportionally with visual scores from red to green, with green containing the lowest levels 
of anthocyanins (Table 2.4). Chlorophyll content index with a visual score of red were significantly 
lower than chlorophyll content indexes at all other visual scores, except mostly green [F(4, 1 004) = 
4.4, p = 0.008] (Table 2 .4). A strong positive correlation occurred between visual scores and 
anthocyanin content indexes (n = 1 009, r = 0.8 1 0, p  :S 0.00 1 )  (Figure 2 . 1 3) .  Visual score had a very 
weak negative correlation with chlorophyll content (n = 1 009, r = -0.067, p = 0.03) (Figure 2 . 1 4) .  
Light intensity measured at rosette level (underwater sensor) had a strong positive correlation 
with anthocyanin content (n = 1 05 ,  r = 0.49, p :S 0.0 1 )  (Table 2 .5) .  Both water depth and vegetation 
height had a strong negative correlation with anthocyanin content (n = 1 05 ,  r = -0.70, p :S 0.0 1 ;  n = 
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1 05 ,  r = -0.43 , p S 0.0 1 ), and also with light intensity at rosette level (underwater light sensor) (n = 
1 05 ,  r = -0.40, p S 0.0 1 ;  n = 1 05 ,  r = -0.47, p S 0.0 1 ) .  Light intensity (strip sensor) had a weak 
negative correlation with chlorophyll content (n = 1 05 ,  r = -0. 1 9, p  S 0.0 1 )  (Table 2 .5) .  
Among soil nutrients, calcium was positively correlated with anthocyanin content (n = 35 ;  r = 
0.39,  p S 0.05) (Table 2.6) .  Soil pH also had a strong positive correlation with anthocyanin content (n 
= 3 5 ;  r = 0.59, p S 0.0 1 ) . No significant correlations were observed between soil nutrients and 
chlorophyll content. Several strong positive correlations occurred between soil nutrients, the highest 
among them being between potassium and ammonium (n = 3 5 ;  r = 0.64, p S 0.0 1 ) . Among water 
nutrients, bicarbonates and pH had strong positive correlations with anthocyanin content 
(bicarbonates : n=35 ;  r = 0.7 1 , p  S 0.0 1 ;  pH: n = 35 ;  r = 0.68, p S 0.0 1 )  (Table 2 .7) .  Water ammonium 
showed a negative correlation with anthocyanin content (n = 35 ;  r = -0.43 , p S. 0.05) .  No significant 
correlations were observed between water nutrients and chlorophyll content. Water pH showed a 
strong positive correlation with bicarbonates (n = 35 ;  r = 0.87, p S 0.0 1 )  (Table 2.7) .  
Chamber Study 
Six months after seeds were planted in chambers at two light intensities, plants grown in high 
light had significantly higher foliar anthocyanins based on visual scores [F( l, 49 1 )  = 1 05 .9, p S 
0.00 1 ] ,  rosette diameters [F( l, 49 1 )  = 488.2, p S 0.00 1 ] ,  and leaf numbers [F( l, 49 1 )  = 57 .5 , p S 
0.00 1 ]  compared to plants grown in low light. The same differences were observed at 9 months and 
1 2  months after initial light treatments (Table 2 .8) .  
One month after chamber light transfers and fertilizer/water treatments were started, a two­
way analysis of variance showed a significant effect of light treatments on visual score [F(3, 85)  = 
9 .2, p s 0.05] (Table 2.9), with low to low light treatments showing significantly lower anthocyanin 
levels compared to all other light treatments (Table 2. 1 0) .  Two month observations showed a 
significant effect of light treatments on visual score [F(3 , 79) = 37 .2 ,  p S 0.05] (Table 2 . 1 1 ), with low 
to high and high to high light treatments showing significantly higher anthocyanins compared to all 
other light treatments, and high to high light treatments had significantly lower anthocyanin levels 
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than low to high light treatments (Table 2 . 1 0) .  Fertilizer/water treatments had no significant impact 
on visual scores after 1 month [F(4, 85) = 1 .4, ns] (Table 2 .9), but at 2 month observations, 
fertilizer/water treatments significantly impacted visual scores (Table 2 . 1 1  ), with below fertilizer and 
submerged treatments showing significantly lower anthocyanins than all other fertilizer/water 
treatments (Table 2 . 1 2) .  
At 1 and 2 month observations, after chamber light transfers and fertilizer/water treatments 
were started, light treatments significantly impacted rosette diameter (Tables 2 . 1 3 -2 . 1 4) ,  with high to 
high and high to low treatments having significantly higher rosette diameter than all other treatments, 
at both observation times (Table 2 . 1 0) .  Fertilizer/water treatments had no significant impact on rosette 
diameter after 1 month [F(4, 85)  = 94.8 ,  ns] (Table 2 . 1 3) .  At 2 month observations, fertilizer/water 
treatments significantly impacted rosette diameter (Table 2 . 1 4), with submerged treatments having 
significantly higher rosette diameter compared to all other fertilizer/water treatments (Table 2 . 1 2) .  
At  1 and 2 month observations, after chamber light transfers and fertilizer/water treatments 
were started, light treatments significantly impacted leaf number (Tables 2 . 1 5-2 . 1 6), with high to low 
and high to high treatments having significantly higher leaf numbers compared to all other light 
treatments, at both observation times (Table 2 . 1 0) .  Fertilizer/water treatments had no significant 
impact on leaf number at either observation times (Tables 2 . 1 5-2 . 1 6) .  
At 1 ,  2, 3 and 4 month observations, after chamber light transfers and fertilizer/water 
treatments were started, percent survival for plants with low to low and low to high treatments 
decreased, with over 80% loss of plants in low to high treatments (Figure 2 . 1 5) .  Among 
fertilizer/water treatments percent survival remained at 1 00% for submerged plants. Plants with the 
below fertilizer treatments experienced over 70% die-off (Figure 2 . 1 6) .  
Due to loss of plants resulting in very low sample size, results for 3 and 4 month observations 
are included in Appendix A. 
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Light Manipulation Field Study 
At the start of this study, all red plants selected for light manipulations had 
significantly higher foliar anthocyanins, as shown by visual scores, compared to selected 
green plants (Table 2 . 1 7) .  Water depth among selected plants was very similar at all sample 
times and ranged from 0. 1 - 1 .2 cm (Table 2 . 1 8).  Light exposure for clipped plants and red 
controls was significantly higher than light exposure for caged plants (Table 2 . 1 9) .  Two 
months after treatments started, both red and green plants with the clipped treatment and the 
red controls had significantly higher anthocyanins, as shown by visual score, compared to 
green controls and red and green caged treatments [F(5,  24) = 1 3 0.7 , p :S 0.00 1 ] .  At 1 1  
months after treatments started, results were similar to two-month observations [F(5 , 23)  = 
1 03 . 7, p :S 0.00 1 ] .  Green plants with clipped treatments showed a noticeable increase in foliar 
anthocyanins over time while those subj ected to caged treatments showed a similar lack of 
foliar anthocyanins over time (Figures 2 . 1 7-2. 1 8).  Red plants with caged treatments showed 
a noticeable decrease in foliar anthocyanins over time, while those subj ected to clipped 




The strong positive correlation between the qualitative visual scoring of the red to green ratio 
in plant leaves and the quantitative anthocyanin content indexes provided confirmation that the 
ranking system (green, mostly green, red/green, mostly red, and red) is valid and accurately reflects 
anthocyanin content. Chlorophyll content indexes remained relatively similar at each visual score, 
which indicates that chlorophyll production in leaves is not impacted by anthocyanin content. Studies 
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confirm that anthocyanins in vegetative tissues visibly mask chlorophyll ,  but do not affect chlorophyll 
production (Gould et al . 2002 ; Gould et al . 2008). 
Foliar anthocyanins increased with increasing light intensity exposure. The strong negative 
correlation between anthocyanins with both vegetation height and water depth support the link 
between light intensity exposure and anthocyanin production as both surrounding/associated 
vegetation and water depth decrease light intensity near rosettes . Studies suggest that exposure to UV 
light promotes anthocyanin production in vegetative tissues (Caldwell 1 98 1 ;  Lindoo and Caldwell 
1 978). The ability of anthocyanins to absorb UV light and therefore alter the quantity/quality of light 
reaching chloroplasts has led many studies to suggest anthocyanins act as a UV filter that prevents 
photoinhibition (Krol et al . 1 995 ;  McClure 1 975 ;  Smillie and Hetherington 1 999). Mendez et al . 
( 1 999) found that Pinguicula vulgaris leaves pre-treated with UV-B radiation produced higher 
anthocyanins and were less susceptible to photoinhibition when exposed to low temperature/high 
light conditions, compared to untreated plants. Our results support the theory that enhanced light 
promotes anthocyanin production in vegetative tissues. It is unclear whether these anthocyanins 
provide any protection from photoinhibition in P. planifolia. Further studies comparing 
photosynthetic rates of red and green leaves when exposed to high light intensities may provide 
insight into the photoprotective role of anthocyanins in this species. 
Positive correlations were observed between foliar anthocyanins with both soil calcium and 
soil or water pH. Calcium is involved in the signal transduction of environmental stimuli in some 
plants (Vitrac et al . 2000) . Calcium ions also are required in the biosynthesis of anthocyanins that 
contribute to flower color (Tanaka et al . 2008). The strong positive correlation between soil calcium 
and soil pH indicates that calcium levels were higher at sites with a higher pH, i .e .  less acidic soils. 
Perhaps plants at these sites are able to utilize available calcium ions for anthocyanin production. 
Positive correlations also were observed between foliar anthocyanins with both water bicarbonates 
and water pH. A strong positive correlation between water bicarbonates and water pH suggests that 
bicarbonate levels in the water at some P. planifolia populations are high enough to significantly 
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increase water alkalinity. It is well known that substrate acidity can affect floral anthocyanin 
production in plants, in part due to the horticultural interest in Hydrangea cultivation (Halcomb and 
Sandra 20 1 0) .  In our case, only one site (Site C) contained significant levels of bicarbonates ( 45 .0 ± 
9 . 1 mg/L) in the water (Table 2 .3) .  Soils and water at Site C also were the most alkaline (Tables 2.2-
2 .3) .  P. planifolia individuals sampled at Site C contained the highest levels of anthocyanins and were 
exposed to the some of the highest light intensities among all other sites (Table 2 . 1 ). Given that light 
intensity was so high at this particular site, it difficult to clarify the role of substrate pH on foliar 
anthocyanin production in these plants. Future in vitro studies with foliar anthocyanin production of 
this plant could involve controlled light conditions with varying substrate acidity. 
Chamber Study 
During the first 1 2  months of treatments, plants grown in high light ( 1 200- 1 500 µmol/m2/s) 
produced more foliar anthocyanins compared to plants growth in low light (500-800 µmol/m2/s) . 
These results provide confirmation that variations in light intensity exposure alone are capable of 
promoting or inhibiting anthocyanin production in P. planifolia as also observed in the field. Plants 
that were transferred from high to low light reduced anthocyanin production and the opposite effect 
was observed in plants transferred from low light to high light. These results confirm that anthocyanin 
production can be prompted or halted in this species without interference of nutrient variability in the 
soil. Plants that were submerged in water were consistently green, regardless of chamber light 
intensity. These results reflect field observations of entire populations (Site D and Site G) containing 
completely submerged plants that were all green. 
Plants grown in high light during the first 1 2  months of treatments had larger rosette 
diameters and produced more leaves compared to plants grown in low light. Most carnivorous plants 
prefer relatively open environments where sunlight is plentiful (Givnish et al . 1 984) . Heavy shade 
becomes a problem when carnivorous plants must use energy to produce traps, but lack of light limits 
photosynthetic activity (Givnish et al . 1 984). Given the miniscule size of Pinguicula seeds 
(Degtjareva et al . 2004) and lack of food reserves after germination, light levels in the low light 
2 1  
chamber may have been too low to support photosynthetic activity needed for growth. Interestingly, 
plants submerged in water produced the largest rosettes of all fertilizer/water treatments, while leaf 
number did not increase. This observation gives an incredible amount of credence to the statement 
that carnivorous plants can persist in some of the most unfavorable conditions (Adamec 20 1 1 ), 
considering the plants were completely submerged in anoxic soil with no nutrients for over 4 months 
and still produced the largest rosette diameter of all fertilizer/water treatments. 
Among light treatments, percent survival was highest for plants that always remained in high 
light and lowest for plants transferred from low light to high light. It was expected that survival rates 
would be lowest for plants that always remained in low light, but perhaps the sudden change from 
low light to high light had a photoinhibitory effect on the smaller plants that were already stressed 
from lack of light. Among fertilizer/water treatments, percent survival was highest for submerged 
plants, and lowest for plants with below fertilizer treatments. High survival rates for submerged plants 
may be explained in part by the species' preference for growing in inundated soils (Gluch 2005) .  The 
severe drop in survival for plants treated with fertilized water was surprising, given that other 
Pinguicula species can develop normally when nutrients are supplied to medium (Aldenius et al . 
1 983) .  Die-off may have been due to over-fertilization, given the plant' s  ability to thrive for months 
without any nutrients in the substrate. 
Light Manipulation Study 
The light manipulation study demonstrated that foliar anthocyanin production can be 
prompted or halted in P. planifolia depending on light manipulations. Green plants with surrounding 
vegetation clipped were visually scored as red within 2 months and remained red after 1 1  months. 
Red plants covered with shade cloth were visually scored as green within 2 months and remained 
green after 1 1  months. Artificial shading significantly reduced anthocyanin content in plants (Bonnett 
et al . 20 1 0), while enhancing light exposure increased anthocyanin production (Mendez et al 1 999). 
Given that P. planifolia typically thrives in inundated soils (Gluch 2005) and communities dominated 
by shading graminoids (NatureServe 20 1 5),  these plants may be especially susceptible to 
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photoinhibition in higher light conditions . However, this explanation does little to explain the lack of 
anthocyanin production in co-occurring butterworts such as Pinguicula ionantha, which also thrives 
in inundated soils (Godfrey and Stripling 1 96 1 ) . Further studies investigating the biosynthetic 
pathways of anthocyanin production in P. planifolia and other Southeastern butterworts could 
enhance our understanding of anthocyanin production in these carnivorous plants . 
Literature Cited 
Adamec, L. 1 997. Mineral nutrition of carnivorous plants: a review. Botanical Review 63 : 273 -299. 
Adamec L.  20 1 1 .  Ecophysiological look at plant camivory: why are plants carnivorous? In All Flesh 
is Grass. Plant-Animal Interrelationships. Cellular Origin, Life in Extreme Habitats and 
Astrobiology. Vol. 1 6, Eds. J. Seckbach and Z. Dubinski Z. Dordrecht, Heidelberg, London, New 
York: Springer Science + Business Media. 
Aldenius, J ., Carlsson, B . ,  and Karlsson, S. 1 983 Effects of insect trapping on growth and nutrient 
content of Pinguicula vulgaris L.  in relation to the nutrient content of the substrate. New Phytologist 
93 : 53-59.  
Bongue-Bartelsman, M. and Phillips, D. A. 1 995 .  Nitrogen stress regulates gene expression of 
enzymes in the flavonoid biosynthetic pathway of tomato. Plant Physiology and Biochemistry 33 :  
539-546. 
Bonnett, S .  A. F., Ostle, N., and Freeman, C.  20 1 0. Short-term effect of deep shade and enhanced 
nitrogen supply on Sphagnum capillifolium morphophysiology. Plant Ecology 207 : 347-358 .  
23 
Caldwell, M. M. 1 98 1 .  Plant responses to ultraviolet radiation. Physiological ecology I. Encyclopedia 
of plant physiology series II, pp. 1 70- 1 97 .  Heidelberg : Springer-Verlag. 
California Carnivores 20 1 6. California Carnivores: Conservation through cultivation. Available 
https ://www .californiacarnivores.com. (Accessed: July 7, 20 1 6) .  
Chalker-Scott, L.  1 999. Environmental significance of anthocyanins in plant stress responses. 
Photochemistry and Photobiology 70: 1 -9.  
Close, D. C.  and Beadle, C.L. 2003 . The ecophysiology of foliar anthocyanin. Botanical Review 69: 
1 49- 1 6 1 .  
Daubenmire, R.F. 1 959.  Canopy coverage method of vegetation analysis. Northwest Science 3 3 :  43-
64. 
Degtjareva, G., Casper, J., Hellwig, F., and Sokoloff. D. 2004. Seed morphology in the genus 
Pinguicula (Lentibulariaceae) and its relation to taxonomy and phylogeny. Botanische Jahrbilcher fur 
Systematik 1 2 5 :  43 1 -452. 
Givnish, T.J . ,  Burkhardt, E.L. ,  Happel, R.E. ,  and Weintraub, J .D. 1 984. Carnivory in the bromeliad 
Brocchinia reducta, with a cost/benefit model for the general restriction of carnivorous plants to 
sunny, moist, nutrient-poor habitats. The American Naturalist 1 24 :  479-497.  
Gluch, 0.  2005 .  Pinguicula species (Lentibulariaceae) from the Southeastern United States : 
observations of different habitats in Florida. Acta Botanica Gallica 1 52 :  1 97-204. 
24 
Godfrey, R. K. and Stripling, H. L. 1 96 1 . A synopsis of Pinguicula (Lentibulariaceae) in the 
Southeastern United States. American Midland Naturalist 66:  395-409. 
Gould, K. S., Davies, K. M., and Winefield, C. 2008.  Anthocyanins: Biosynthesis, Functions, and 
Applications. Berlin, Heidelberg: Springer Science & Business Media. 
Gould, K. S . ,  Kuhn, D. N., Lee, D. W., and Oberbauer, S. F. 1 995 . Why leaves are sometimes red. 
Nature 378 :  24 1 -242. 
Gould, K. S . ,  Neil, S . ,  and Vogelmann, T. C. 2002. A unified explanation for anthocyanins in leaves? 
In Anthocyanins in Leaves. Advances in Botanical Research. vol . 37 .  Eds . K.S.  Gould and D.W. Lee, 
pp 1 67-1 92. London: Academic Press. 
Halcomb, M., and R. Sandra. 20 1 0 . Hydrangea Production. United States : University of Tennessee. 
Karlsson, P. S .  and Carlsson, B.  1 984. Why does Pinguicula vulgaris L. trap insects? New 
Phytologist 97 :  25-30. 
Krol, M. ,  Gray, G. R., Hurry, V. M., Oquist, G., Malek, L. ,  and Huner, N. P. A. 1 995 . Low­
temperature stress and photoperiod affect an increased tolerance to photoinhibition in Pinus 
banksiana seedlings. Canadian Journal of Botany 73 : 1 1 1 9- 1 1 27.  
Lee, D. W. and Collins, T. M. 200 1 .  Phylogenetic and ontogenetic influences on the distribution of 
anthocyanins and betacyanins in leaves of tropical plants. International Journal of Plant Sciences 1 62 :  
1 1 4 1 - 1 1 53 .  
25 
Lee, D.W. and Lowry, J . B .  1 980. Young-leaf anthocyanin and solar ultraviolet. Biotropica 1 2 :  75 -76. 
Lindoo, S .  J .  and Caldwell, M. M. 1 978 .  Ultraviolet-B radiation-induced inhibition of leaf expansion 
and promotion of anthocyanin production. Plant Physiology 6 1 :  278-282. 
McClure J .  W. 1 975 .  Physiology and functions of flavonoids. In The Flavonoids. Eds. J .B.  Harborne, 
T.J. Mabry and H. Mabryu, pp 990- 1 05 5 .  San Francisco : Academic Press. 
Mendez, M., Gwynn Jones, D., and Manetas, Y. 1 999. Enhanced UV-B radiation under field 
conditions increases anthocyanin and reduces the risk of photoinhibition but does not affect growth in 
the carnivorous plant Pinguicula vulgaris. New Phytologist 1 44: 275-282. 
Moran, J .  A. and Moran, A. J .  1 998.  Foliar reflectance and vector analysis reveal nutrient stress in 
prey-deprived pitcher plants (Nepenthes raffiesiana ) .  International Journal of Plant Sciences 1 59 :  
996- 1 00 1 . 
NatureServe. 20 1 5 . NatureServe Explorer: An online encyclopedia of life [web application] . Version 
7 . 1 .  NatureServe, Arlington, Virginia. Available http ://explorer.natureserve.org. (Accessed: February 
1 7, 20 1 6). 
Smillie R. M. and Hetherington, S.E. 1 999. Photo abatement by anthocyanin shields photosynthetic 
systems from light stress .  Photosynthetica 36 :  45 1 -463 . 
Tanaka, Y. ,  Sasaki, N. ,  and Ohmiya, A. 2008.  Biosynthesis of plant pigments : anthocyanins, betalains 
and carotenoids. The Plant Journal 54: 733-749. 
26 
Trull ,  M. C. ,  Guiltinan, M.J. ,  Lynch, J . P . ,  and Deikman, J. 1 997. The responses of wild-type and 
ABA mutant Arabidopsis thaliana plants to phosphorus starvation. Plant, Cell and Environment 20: 
85-92. 
Vitrac, X. ,  Larronde, F . ,  Krisa, S., Decendit, A.,  Deffieux, G., and Merillon, J . M. 2000. Sugar 
sensing and Ca2+-calmodulin requirement in Vitis vinifera cells producing anthocyanins. 
Phytochemistry 5 3 :  659-665 .  
27 
Table 2 . 1 .  Environmental characteristics associated with light and foliar pigment content of P. planifolia among study sites. 
Study S ite Anthocyanin 
Content 
Index 
S ite A 3 .6 ± 0.2 b 
S ite B 2 . 5  ± 0.2 c 
S ite C 4.9 ± 0.3 a 
S ite D 1 .7 ± 0.0 d 
S ite E 3 .4 ± 0. l b 
S ite F 2 .4 ± 0.2 c 




2 .2 ± 0. l a 
1 .9 ± 0.0 bed 
2 .0 ± 0. 1 bed 
1 . 8 ± 0.0 d 
1 .9 ± 0.0 cd 
2 .0 ± 0.0 ab 




826.4 ± 73 .8  c 
1 1 1 5 .9 ± 60.0 b 
1 434.9 ± 32.2 a 
943 .9 ± 26.6 c 
978.9 ± 86.4 be 
1 299. 1 ± 57 .0 a 




1 079.9 ± 68.2 ab 
1 242 .8  ± 65 . 1  ab 
1 408.0 ± 49.0 a 
1 5 1 7 .8 ± 66.7 a 
774.8 ± 1 37 .0 b 
1 279. 1 ± 1 03 .0 ab 
997 . 1  ± 1 48 b 
Water Depth Vegetation 
(cm) Height (cm) 
2 .4 ± 0.3 d 23 .9 ± 1 .4 c 
5 . 7  ± 0.7 c 22.5 ± 1 .3 c 
2 . 1 ± 0.3 d 2 1 .2 ± 0.9 c 
1 3 .9 ± 0.5 a 22.5 ± 3 .2 c 
5 .4 ± 0.4 c 24.4 ± 1 .0 c 
3 .4 ± 0.6 d 32.0 ± 1 . 1  b 
1 0 .7 ± 0.6 b 44.2 ± 2 .6 a 
Values are Means ± SEs; n = 1 5 ; a-d Means in a column without a common superscript letter differ (p � 0.05),  
as analyzed by one-way ANOVA followed by Duncan's  multiple-range tests. 
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Table 2 .2 .  Soil characteristics at P. planifolia study sites . 
Study Site Nitrate Ammonium Phosphorus 
(mg/L) (mg/L) (mg/L) 
S ite A 1 .0 ± 0 .0 b 1 1 .8 ± 3 .4 a 1 .0 ± 0.0 a 
S ite B 1 .0 ± 0 .0  b 9.6 ± 1 .6 ab 1 .0 ± 0.0 a 
S ite C 1 .0 ± 0 .0 b 2 .8  ± 0.4 b 1 .6 ± 0.6 a 
S ite D 1 .0 ± 0.0 b 7 .2 ± 2. 1 ab 1 .0 ± 0.0 a 
S ite E 1 .0 ± 0 .0 b 1 0 .0 ± 2 .5  a 1 .0 ± 0.0 a 
S ite F 1 .4 ± 0 .2 a 1 0.4 ± 2.9 a 1 .2 ± 0.2 a 
S ite G 1 .0 ± 0 .0 b 2 .6 ± 0.2 b 2 .2  ± 0.5 a 
Potassium 
(mg/L) 
24.2 ± 7.2 a 
9 .8  ± 3 .0 b 
1 1 .6 ± 4.6 ab 
1 0 .2 ± 1 .6 b 
23 .2 ± 3 .6 a 
24.0 ± 3 .0 a 
1 4 .2 ± 1 . 8 ab 
Magnesium 
(mg/L) 
22.0 ± 2 .0 e 
1 9 .0 ± 1 .9 e 
24.0 ± 1 .9 e 
25 .0  ± 3 .2 e 
3 5 .0 ± 3 .2 be 
49.0 ± 2.4 b 
72 .0 ± 1 2 . 1  a 
Calcium 
(mg/L) 
90.0 ± 1 8 .7 b 
80.0 ± 20.0 b 
2 1 4.0 ± 62 .8  a 
90.0 ± 1 8 .7 b 
70.0 ± 1 2 .2 b 
1 40.0 ± 1 0.o ab 
1 40.0 ± 1 8 .7 ab 
Values are Means ± SEs; n = 5 ;  a-d Means in a column without a common superscript letter differ (p _:s 0.05), 
as analyzed by one-way ANOVA, followed by Duncan's  multiple-range tests . 
Organic 
Matter (%) pH 
4.0 ± 1 .5 b 5 .3 ± 0. 1 b 
3 .7 ± 0.7 b 5 . 1 ± 0. 1  be 
1 . 5 ± 0.2 b 6 . 1 ± 0.2 a 
4 .5  ± 1 .2 b 5 .2 ± 0. l  b 
6 .0 ± 1 .0 b 4.9 ± 0. 1 ed 
30.4 ± 4.7 a 4 .8 ± 0. 1 d 
6.3 ± 1 .8 b 5 . 1  ± 0.0 be 
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Table 2 .3 . Water characteristics at P. planifolia study sites . 
Study S ite Nitrate 
(mg/L) 
Site A 0. 1 ± 0.0 a 
Site B 0. 1 ± 0.0 a 
Site C 0 . 1 ± 0.0 a 
Site D 0 . 1 ± 0.0 a 
Site E 0 .0 ± 0.0 8 
S ite F 0 .0  ± 0.0 a 
Site G 0 .0  ± 0.0 a 
Ammonium 
(mg/L) 
0. 1 ± 0.0 b 
0. 1 ± 0.0 b 
0 . 1 ± 0. 1  b 
0 .2 ± 0. 1 ab 
0. 1 ± 0.0 b 
0. 1 ± 0.0 b 
0.3 ± 0. 1 a 
Potassium 
(mg/L) 
0.0 ± 0.0 a 
0.0 ± 0.0 8 
0 .0 ± 0.0 a 
0.0 ± 0.0 a 
0.0 ± 0.0 a 
0 .0 ± 0.0 a 
0 .0 ± 0.0 a 
Magnesium Carbonate Bicarbonate 
(mg/L) (mg/L) (mg/L) EH 
0.0 ± 0.0 c 0.0 ± 0.0 a 0.0 ± 0.0 b 4 .7 ± 0.0 e 
0.0 ± 0.0 c 0.0 ± 0.0 a 0.0 ± 0.0 b 4 .8 ± 0.0 d 
1 .4 ± 0.4 b 0 .0 ± 0.0 a 45 .0 ± 9 . 1 a 6.3 ± 0 . 1 a 
0.0 ± 0.0 c 0.0 ± 0.0 a 0 .0 ± 0.0 b 5 .0  ± 0.0 c 
0.0 ± 0.0 c 0.0 ± 0.0 a 0.0 ± 0.0 b 5 . 3  ± 0.0 b 
0.2 ± 0.2 c 0.0 ± 0.0 a 0.6 ± 0.6 b 4.6 ± 0.0 e 
2.4 ± 0.2 a 0.0 ± 0.0 a 0.0 ± 0.0 b 4.9 ± 0.0 d 
Values are Means ± SEs; n = 5 ;  a-e Means in a column without a common superscript letter differ (p :::; 0.05), as 
analyzed by one-way ANOVA, followed by Duncan's  multiple-range tests. 
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Table 2 .4. Anthocyanin and chlorophyll content indexes associated with 
visual scores applied to P. planifolia leaves combined for all 3 sampling dates. 
Anthocyanin Content Chlorophyll Content 
Visual Score Index Index 
Green 1 .6 ± 0.0 e 2 .0 ± 0.0 a 
Mostly Green 1 .9 ± 0.0 d 1 .9 ± 0.0 ab 
Red/Green 2 .8 ± 0. 1 c 2.0 ± 0.0 a 
Mostly Red 3 .8 ± 0. 1  b 2 .0 ± 0.0 a 
Red 5 . 7 ± 0.2 a 1 .9 ± 0.0 b 
Values are Means ± SEs; a-e Means in a column without a common 
superscript letter differ (p :S 0.05), as analyzed by one-way ANOV A, 
followed by Duncan's  multiple-range tests . 
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Table 2 . 5  Bivariate Pearson' s  Correlations and descriptive statistics among P. planifolia foliar pigments and surrounding 
environmental factors associated with light combined for all 3 sampling dates .  
( l ) (2) (3) (4) (5) (6) Mean SE 
1 .  Anthocyanin Content Index 1 2 .9 0. 1 
2 .  Chlorophyll Content Index 0. 1 2  l 2 .0 0 .0 
3 .  Light Intensity (underwater sensor; µmol/m2/s) 0.49** -0. 1 5  1 9 1 3 .2 3 5 .2 
4 . Light Intensity (strip sensor; µmol/m2/s) 0.07 -0 . 1 9* 0 .78** 1 1 1 85 .6 42 .7 
5 .  Water Depth (cm) -0.70** 0 .04 -0.40** 0. 1 0  1 7 .0 0 .5  
6 . Vegetation Height (cm) -0.43 ** 0 . 1 4 -0 .47** -0.29** 0 .25 * 1 27 .3 1 .0 
n=1 05 ; * *p .:S 0.0 1 ; *p .:S 0.05 .  
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Table 2 .6 Bivariate Pearson' s  Correlations and descriptive statistics among P. planifolia foliar pigments and soil characteristics. 
( 1 )  (2} {3} {4} (5} (6) (7) {8) (9) ( 1 0) Mean SE 
1 .  Anthocyanin Content Index 1 3 . 1  0 .2 
2 .  Chlorophyll Content Index 0. 1 9  1 1 .9 0 .0 
3 .  Nitrate (mg/L) -0.22 0. 1 8  1 1 . 1  0 .0 
4 . Ammonium (mg/L) 0.09 0.2 1 -0. 1 0  1 7 .8 1 .0 
5 .  Phosphorous (mg/L) -0.08 -0.02 0 .07 -0.28 1 1 .3 0. 1 
6 .  Potassium (mg/L) 0. 1 4 0.08 0 .06 0.64 .. 0 . 1 1  1 1 6 .7  1 . 7 
7 . Magnesium (mg/L) -0.33 -0.24 0. 1 2  -0. 1 5  0 .47* *  0.22 1 3 5 . 1  3 . 5  
8 . Calcium (mg/L) 0.39* 0.23 0. 1 1  -0 .30 0 .5 1 * *  0.08 0.27 1 1 1 7 .7  1 2 .7  
9 . Organic Matter (mg/L) -0.07 0. 1 7  0.28 0 .33*  -0.04 0 .46* *  0.42* 0 .08 1 8 . 1  1 .7 
1 0 . ,eH 0 . 59* *  0. 1 4 -0.3 1 -0.29 0.22 -0.28 -0 .35 * 0 .49* *  -0 .48 * *  1 5 .2 0. 1 
n=35 ; * *p � 0 .0 1 ; *p � 0.05 . 
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Table 2 .7 .  Bivariate Pearson's  Correlations and descriEtive statistics amon� P. eJanifolia foliar pigments and water characteristics. 
2 3 4 5 6 7 8 9 Mean SE 
1 .  Anthocyanin Content Index 1 3 . 1  0 .2 
2 .  Chlorophyll Content Index 0. 1 9  1 1 .9 0 .0 
3 .  Nitrate (mg/L) 0.04 0.00 1 0. 1 0 .0 
4. Ammonium (mg/L) -0.43 . -0.08 0.23 1 0. 1 0 .0 
5 .  Potassium (mg/L) - - - - 0 0 
6. Magnesium (mg/L) 0.03 -0.27 -0 . 1 1 0 .40* - 1 0 .6 0.2 
7 .  Carbonate (mg/L) - - - - - - - 0 0 
8 .  Bicarbonate (mg/L) 0.1 1 •• 0.20 0.08 -0 .06 - 0.42* - 1 6 .5  2 .9 
9 . pH 0.68** -0.06 0.04 -0. 1 1  - 0.3 1 - 0 .87**  1 5 . 1  0 . 1 
n=3 5 ;  * *p :::: 0.0 1 ;  *p :::: 0.05 . 
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Table 2 .8 .  Visual score 1 , rosette diameter and leaf number for P. planifolia at 6, 9, and 1 2  months after growing in low light ( 1 343 .6 ± 27.8 
µmol/m2/s) and high light (652.2 ± 3 1 .2 µmol/m2/s) conditions in Conviron® growth chamber at 25°C.  
6 Months 9 Months 1 2  Months 
Rosette Rosette Rosette 
Visual Diameter Leaf Visual Diameter Leaf Visual Diameter Leaf 
Treatment Score (mm) Number Score (mm) Number Score (mm) Number 
Low Light 2 . 6  ± 0 . 1 b 3 . 1 ± 0. 1  b 4.9 ± 0. 1 b 2 .3  ± 0. 1 b 2 .6  ± 0. 1 b 4.4 ± 0. 1 b 2 . 7 ± 0.2 b 4. 1 ± 0.2 b 2 . 9  ± 0. 1 b 
High Light 3 . 8 ± 0. l a 1 3 .2 ± 0 .7  a 5 . 9  ± 0. 1 a 4 .0 ± 0. 1 a 22.3  ± 1 . 1  a 7 .4 ± 0.2 a 3 . 9 ± 0. 1  a 34 .9  ± 1 .4 a 7 . 9 ± 0.3 a 
Values are Means ± SEs; a-b Means in a column without a common superscript letter differ (p S 0.05), as analyzed by one-way ANOV A. 1 Visual 
score values based on the following: 1 =green, 2=mostly green, 3=red/green, 4=mostly red, and 5=red. 
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Table 2 .9 .  Two-way ANOV A and descriptive statistics for visual score 1 by 
Hsht and fertilizer/water treatments, one month after treatments started. 
Fertilizer/Water 
Light Treatments Treatments Mean SE n 
Low to Low Control 2 .0 0 .5  6 
Spray Water 2 .7  0 .8 6 
Spray Fertilizer 3 .0  0.4 6 
Below Fertilizer 1 .6 0.2 5 
High to Low Control 3 .0  0.6 6 
Spray Water 3 .2 0 .5 6 
Spray Fertilizer 2 .8  0 .5  6 
Below Fertilizer 3 .0 0.4 6 
Submerged 2 .7 0 .3  6 
High to High Control 3 .7 0.2 6 
Spray Water 3 . 5  0.3 6 
Spray Fertilizer 3 . 8  0.3 6 
Below Fertilizer 2 .8  0.4 6 
Submerged 3 .3 0.3 6 
Low to High Control 3 .2 0.4 5 
Spray Water 4.0 0.0 4 
Spray Fertilizer 3 .6  0.2 5 
Below Fertilizer 3 . 8  0.3 6 
Source SS df MS F 
Light 24.7 3 8 .2 9.2* 
Fertilizer 5 .0  4 1 .2 1 .4 
Light * Fertilizer 8 . 1 1 0  0 .8 0.9 
Error 76.2 85 0.9 
Note : R Squared = 0.32 1 (Adjusted R Squared = 0. 1 85) * p..:::_ 0.05 
1 Visual score values based on the following: 1 =green, 2=mostly green, 
3=red/green, 4=mostly red, and 5=red. 
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Table 2 . 1 0 . The effect of light treatments on visual score 1 , rosette diameter (mm), and leaf number, 1 and 2 months 
after light and fertilizer/water treatments started. 
1 Month 2 Months 
Rosette Rosette 
Treatment Visual Score Diameter Leaf Number Visual Score Diameter Leaf Number 
Low to Low 2 .3  ± 0.2 c 3 . 5  ± 1 .6 b 3 . 3  ± 0.4 b 2 .7 ± 0.2 c 3 .7 ± 2.0 b 
High to Low 2.9 ± 0.2 b 36.9 ± 1 .4 a 8 . 5  ± 0.4 a 2 .2 ± 0.2 c 45 .2 ± 1 .5 a 
High to High 3 .4 ± 0.2 ab 40.3 ± 1 .4 a 9.4 ± 0.4 a 3 . 7 ± 0.2 b 47.0 ± 1 .5 a 
Low to High 3 . 7 ± 0.2 a 4.6 ± 1 . 8  b 3 . 1  ± 0.5 b 4.9 ± 0.2 a 4.3 ± 2. 1 b 
Values are Means ± SEs; a-c Means in a column without a common superscript letter differ (p<!:_ 0.05),  as 
determined by Duncan ' s  multiple-range tests . 1 Visual score values based on the following: l =green, 
2=mostly green, 3=red/green, 4=mostly red, and 5=red. 
3 . 1 ± 0.6 b 
1 0.8 ± 0 .5  a 
1 1 . 1  ± 0 .5  a 
2 .9 ± 0.7 b 
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Table 2 . 1 1 .  Two-way AN OVA and descriptive statistics for visual 
score 1 by light and fertilizer/water treatments, two months after 
treatments started. 
Light Fertilizer/Water 
Treatments Treatments Mean SE n 
Low to Low Control 2 .5  0 .6 6 
Spray Water 3 .2 0 .8 6 
Spray Fertilizer 2 .8  0.4 5 
Below Fertilizer 1 .7 0.3 3 
High to Low Control 2 .7  0 .3  6 
Spray Water 2 .3 0 .3  6 
Spray Fertilizer 2 .0 0.3 6 
Below Fertilizer 2 .3 0 .2 6 
Submerged 1 .7 0.2 6 
High to High Control 4.0 0.4 6 
Spray Water 4.7 0.2 6 
Spray Fertilizer 4.7 0.2 6 
Below Fertilizer 2 .8  0 .5  6 
Submerged 2.2 0.3 6 
Low to High Control 4 .8 0 .2 5 
Spray Water 5 .0  0 .0  4 
Spray Fertilizer 5 .0  0.0 5 
Below Fertilizer 4.7 0.3 3 
Source SS df MS F 
Light 83 .2 3 27 .8 37 .2* 
Fertilizer 23 .8  4 6.0 8.0* 
Light * 1 3 .8 1 0  1 .4 1 .9 Fertilizer 
Error 58 .9 79 0 .8 
Note : R Squared = 0.687 (Adjusted R Squared = 0.620) * p-:::_ 0.05 
1 Visual score values based on the following: 1 =green, 2=mostly 
green, 3=red/green, 4=mostly red, and 5=red. 
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Table 2 . 1 2 . The effect of fertilizer/water treatments on visual score1 , rosette diameter (mm), and leaf number 
at one-month intervals after light and fertilizer/water treatments started. 
1 Month 2 Months 
Rosette Rosette 
Treatment Visual Score Diameter Leaf Number Visual Score Diameter 
Control 3 .0 ± 0.2 a 20.0 ± 1 .6 a 5 . 7 ± 0.4 a 3 .4 ± 0.2 a 20.8 ± 1 . 8 c 
Spray Water 3 .3 ± 0.2 a 25 .0 ± 1 .7 a 6 .9 ± 0.4 a 3 .7 ± 0.2 a 27.4 ± 1 . 8 be 
Spray Fertilizer 3 .3 ± 0.2 a 20.9 ± 1 .6 a 6 . 1 ± 0.4 a 3 .6 ± 0.2 a 23 .4 ± 1 .8 be 
Below Fertilizer 2 .9 ± 0.2 a 2 1 .5 ± 1 .6 a 6 .7 ± 0.5 a 2 .8  ± 0.2 b 29.0 ± 2 . 1 b 
Submerged 3 .0 ± 0.3 a 42 .2 ± 2 .3 a 8 .0  ± 0.6 a 1 .9 ± 0.2 c 66.2 ± 2.4 a 
Values are Means ± SEs; a-c Means in a column without a common superscript letter differ (p � 0.05),  as 
determined by Duncan ' s  multiple-range tests. 1 Visual score values based on the following: 1 =green, 
2=mostly green, 3=red/green, 4=mostly red, and 5=red. 
Leaf Number 
6 .7 ± 0.6 a 
8 . 1 ± 0.6 a 
7 .0 ± 0 .6 a 
9 .5  ± 0.7 a 
9 .3 ± 0.8 a 
39 
Table 2 . 1 3 .  Two-way ANOVA and descriptive statistics for rosette diameter 
(mm) by light and fertilizer/water treatments, one month after treatments 
started. 
Fertilizer/Water 
Light Treatments Treatments Mean SE n 
Low to Low Control 2 .9 0 .5  6 
Spray Water 3 . 1  0.6 6 
Spray Fertilizer 3 .8 0.4 6 
Below Fertilizer 4.2 0.3 5 
High to Low Control 3 1 . 1  2 .2 6 
Spray Water 42 .2 5 . 8  6 
Spray Fertilizer 36.0 2.8 6 
Below Fertilizer 35 .9 3 .6  6 
Submerged 39.2 3 .4 6 
High to High Control 3 8 .7 4.6 6 
Spray Water 43.2 4.0 6 
Spray Fertilizer 36.2 3 . 5  6 
Below Fertilizer 38 .2 4.0 6 
Submerged 45 . 1  5 . 8  6 
Low to High Control 4.7 0 .7 5 
Spray Water 4.6 0 .5 4 
Spray Fertilizer 4.8 1 .6 5 
Below Fertilizer 4.6 0 .7 6 
Source SS df MS F 
Light 2573 1 .2 3 8577. 1 1 3 9 .9* 
Fertilizer 379.0 4 94.8  1 .6 
Light * Fertilizer 337 .6 1 0  33 .8  0.6 
Error 52 1 2 .6 85 6 1 .3 
Note: R Squared = 0 .856 (Adjusted R Squared = 0 .825) * p� 0.05 . 
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Table 2 . 1 4. Two-way ANOV A and descriptive statistics for rosette diameter 
(mm) by light and fertilizer/water treatments, two months after treatments 
started. 
Light Fertilizer/Water 
Treatments Treatments Mean SE n 
Low to Low Control 3 .3 0.6 6 
Spray Water 3 .2 0 .5  6 
Spray Fertilizer 3 . 5  0 .5  5 
Below Fertilizer 6.2 1 .0 3 
High to Low Control 34.6 2 .4 6 
Spray Water 47.3 4.6 6 
Spray Fertilizer 4 1 . 1  2 .9 6 
Below Fertilizer 39.7 3 . 8  6 
Submerged 63 .3 5 .6 6 
High to High Control 39.4 4.2 6 
Spray Water 47.0 3 .6  6 
Spray Fertilizer 37 .9 2 .0 6 
Below Fertilizer 4 1 .7 3 .3 6 
Submerged 69. 1 7 .7 6 
Low to High Control 3 . 1  0.4 5 
Spray Water 4.7 0.9 4 
Spray Fertilizer 4.6 1 .7 5 
Below Fertilizer 5 . 1  0 .8  3 
Source SS df MS F 
Light 27440.9 3 9 1 47.0 1 27.4* 
Fertilizer 6393 .9 4 1 598 .5  22 .3*  
Light * 478 . 1  1 0  47.8 0.7 Fertilizer 
Error 5670. 1 79 7 1 . 8 
Note : R Squared = 0.893 (Adjusted R Squared = 0.870) * p< 0.05 . 
41  
Table 2 . 1 5 . Two-way ANOVA and descriptive statistics for leaf number by 
light and fertilizer/water treatments, one month after treatments started. 
Fertilizer/Water 
Light Treatments Treatments Mean SE n 
Low to Low Control 3 .3 0.2 6 
Spray Water 3 .3  0.4 6 
Spray Fertilizer 3 .2 0.3 6 
Below Fertilizer 3 .2 0 .5 5 
High to Low Control 7.2 0.7 6 
Spray Water 1 0.2 2 .0 6 
Spray Fertilizer 8 .2 0.6 6 
Below Fertilizer 9.7 0 .7 6 
Submerged 7 .5  1 .3 6 
High to High Control 9.0 0 .8 6 
Spray Water 9 .7 1 .0 6 
Spray Fertilizer 9.7 0 .8 6 
Below Fertilizer 1 0.0 1 .2 6 
Submerged 8 .5  0 .9  6 
Low to High Control 3 .0 0.0 5 
Spray Water 3 .0 0.4 4 
Spray Fertilizer 3 .0 0 .5 5 
Below Fertilizer 3 .3 0.2 6 
Source SS df MS F 
Light 824.4 3 274.8 65 .0* 
Fertilizer 27.2 4 6 .8  1 .6 
Light * Fertilizer 22.6 1 0  2 .3 0 .5 
Error 359 . 1 85 4.2 
Note : R Squared = 0.32 1 (Adjusted R Squared = 0. 1 85) * p"!:. 0.05 . 
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Table 2 . 1 6 . Two-way ANOV A and descriptive statistics for leaf number 
by light and fertilizer/water treatments, two months after treatments 
started. 
Light Fertilizer/Water 
Treatments Treatments Mean SE n 
Low to Low Control 3 .2 0.3 6 
Spray Water 3 .0 0 .5  6 
Spray Fertilizer 2 .8  0.2 5 
Below Fertilizer 3 .7  0.7 3 
High to Low Control 9.0 0.6 6 
Spray Water 1 2 .7 2 .4 6 
Spray Fertilizer 1 0.3 1 .0 6 
Below Fertilizer 1 3 .0 1 .3 6 
Submerged 9.2 1 .6 6 
High to High Control 1 1 .2 1 .3 6 
Spray Water 1 2 .0 1 .2 6 
Spray Fertilizer 1 0.7 1 .2 6 
Below Fertilizer 1 2 .2 1 .5 6 
Submerged 9.3 1 .0 6 
Low to High Control 2 .8  0.4 5 
Spray Water 3 .0 0.4 4 
Spray Fertilizer 3 .0 0.6 5 
Below Fertilizer 3 .0 0.6 3 
Source SS df MS F 
Light 1 394.2 3 464.7 6 1 .3 *  
Fertilizer 72.6 4 1 8 .2 2 .4 
Light * 38 .6 1 0  3 .9 0 .5  Fertilizer 
Error 598.9 79 7 .6 
Note : R Squared = 0.722 (Adjusted R Squared = 0.662) * p-:::. 0.05 . 
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Table 2 . 1 7 . Visual scores 1 of P. planifolia individuals at 0, 2, and 1 1  months 
after light manipulation treatments. 
Visual Score 
Starting Color Treatment 0 Months 2 Months 
Green Caged 1 .0 ± 0.0 b 1 .0 ± 0.0 c 
Red Caged 5 .0  ± 0.0 a 1 .0 ± 0.0 c 
Green Control 1 .0 ± 0.0 b 3 .4 ± 0.2 b 
Red Control 5 .0  ± 0.0 a 4.6 ± 0.2 a 
Green Clipped 1 .0 ± 0.0 b 4.8 ± 0.2 a 
Red Cliooed 5 .0  ± 0.0 a 5 .0 ± 0.0 a 
Values are Means ± SEs; n = 5 ;  a-c Means in a column without a common 
superscript letter differ (p ,:5 0.05), as analyzed by one-way ANOV A, 
followed by Duncan's  multiple-range tests . 1 Visual score values based 
on the following: 1 =green, 2=mostly green, 3=red/green, 4=mostly red, 
and 5=red. 
1 1  Months 
1 .0 ± 0.0 c 
1 .0 ± 0.0 c 
2.6 ± 0.4 b 
4.8 ± 0.2 a 
5 .0  ± 0.0 a 
5 .0 ± 0.0 a 
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Table 2 . 1 8 . Water depth near P. planifolia individuals at 0, 2, and 1 1  months 
after light manipulation treatments .  
Water Depth (cm) 
Starting Color Treatment 0 Months 2 Months 
Green Caged 1 . 1 ± 0.6 3 0.4 ± 0.4 3 
Red Caged 0.9 ± 0.4 3 0.2 ± 0. 1 3 
Green Control 0 .8  ± 0.4 3 0.2 ± 0. 1 3 
Red Control 1 .0 ± 0.4 3 0 .5  ± 0.2 3 
Green Clipped 0 .7 ± 0.4 3 0.2 ± 0. 1 3 
Red Clipped 0.4 ± 0. 1 3 0 . 1 ± 0.0 3 
Values are Means ± SEs; n = 5 ;  3 Means in a column without a common 
superscript letter differ (p � 0.05),  as analyzed by one-way ANOV A. 
1 1  Months 
1 .0 ± 0 .5 3 
0 .9 ± 0.4 3 
0 .7 ± 0 .5 3 
1 .2 ± 0.5 3 
0.4 ± 0.3 3 
0 .5 ± 0.2 3 
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Table 2 . 1 9 . Light intensity near P. planifolia individuals at 0, 2, and 1 1  months 
after light manipulation treatments. 
Light Intensity (µmol/m2/s) 
Starting Color Treatment 0 Months 2 Months 
Green Caged 53 .2 ± 25 .4 c 32.6 ± 2 .8  c 
Red Caged 63 .4 ± 1 8 .6 c 40.0 ± 2 . 1  c 
Green Control 42 1 .4 ± 1 09.2 b 5 89.2 ± 1 54.3 b 
Red Control 1 83 1 .4 ± 76.2 a 1 440.0 ± 1 1 0.6 a 
Green Clipped 1 932.4 ± 1 3 .4 a 1 495 .0 ± 1 1 7 .0 a 
Red Clipped 1 988 .2 ± 9.0 a 1 623 .8  ± 37 .2 a 
Values are Means ± SEs; n = 5 ;  a-c Means in a column without a common 
superscript letter differ (p � 0.05),  as analyzed by one-way ANOV A, 
followed by Duncan's  multiple-range tests . 
1 1  Months 
60.8 ± 25 .7  c 
5 8 .6 ± 1 1 .2 c 
564.8 ± 305 .0 b 
1 780.0 ± 1 3 1 .2 a 
1 702 .4 ± 1 1 7 .0 a 
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Figure 2. 1 .  Pinguicula planifolia sites uti l ized for field studies  in 20 1 4  
and 2015 in the F lor ida Panhandle . 
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Figure 2 . 2 .  Study Site:  Site A. 
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Figure 2 .3 .  Study Site : Site B .  
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Figure 2.4.  Study Site: Site C.  
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Figure 2 . 5 .  Study Site: Site D.  
5 1  
Figure 2 .6 .  Study Site : Site E. 
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/ 
Figure 2 .7 .  Study Site :  Site F .  
53 




















--- �..:� �� " ·  




. . .. _. _ ,.  
-
·--�'' 
S ite B S ite C 




. .• � 
Site D Site E Site F 
�� ., 
�· ::: ., - · rl' •  _-. j .. : - ., - . ... 
_-. :.: - ., - . .. .  - ., 




S ite G 
Forbes � G round  Cove r D Ba re G round  


















1 9  
I 7 
I 5 
4 I '20 1 4  4 4 '2 0 1 4  4 72 0 1 4  4 1 0 120 1 4  4 1 3  2 0 1 4  4 1 6  2 0 1 4  4 1 9 '2 0 1 4  4 '22120 1 4  
-- S ite A 
_._ Site E 
- · - Site B 
--- s ite F 
-- Site C 
__...._ Site G 
- - - - Site D 




c '  ,.... c: 


















4 I '2 0 1 4  4 4 2 0 1 4  4 7 2 0 1 4  4 1 0 12 0 1 4  4 1 3  2 0 1 4  4 1 6  2 0 1 4  4 1 1 9 '2 0 1 4  4 '2 2 '2 0 1 4  
-- S i t e  A - · - S i t e B -- S i t e C - - - - S i te D 
--+- S i t e  E --- s it e  F -.- s i t e  G 
Figure 2 .11 .  Average l ight intensity (µmol/m2/s) at I m  above ground of P. planifolia study sites over 
22 days .  
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Figure 2. 1 2. Shade c loth cage used to cover plants for l ight manipulation study. 
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Figure 2 . 1 3 .  Correlation between anthocyanin content index and visual score ( 1  =green, 2=mostly 
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Figure 2 . 1 4. Correlation between chlorophyll content index and visual score ( I  =green, 
2=mostly green, 3=red/green, 4=mostly red, and 5=red) of P. planifolia leaves. 
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Figure 2 . 1 5 . Percent survival over time of P. planifolia plants grown in various light treatments in a 
Conviron® growth chamber at 25 'C .  
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Figure 2 . 1 6 . Percent survival over time of P. planifo lia plants grown in various fertilizer/water 
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Figure 2 . 1 7 . Visual score means ± SEs ( I  =green, 2=mostly green, 3=red/green, 4=mostly red, and 
5=red) over time for green plants subjected to light manipulation treatments . 
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Figure 2 . 1 9 . Visual score means ± SEs ( l =green, 2=mostly green, 3=red/green, 4=mostly 
red, and 5 =red) over time for red plants subj ected to light manipulation treatments . 
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Figure 2.20.  Red plants before and 2 months after light manipulation treatments . 
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Chapter 3 
The association of anthocyanins with prey capture and leaf gland density in Pinguicula 
planifolia 
Introduction 
Anthocyanins are prominent in the vegetative tissues of several evolutionarily distinct 
carnivorous plant families, and an emerging argument suggests that these pigments serve a role in 
prey capture (Joel 1 988;  Jilrgens et al . 20 1 5 ;  Moran et al . 1 999). Schaefer & Ruxton (2008) 
demonstrated that the markedly red coloration on the pitchers of Nepenthes species may enhance prey 
capture compared to pitchers with no anthocyanins. Ichiishi et al . ( 1 999) suggest that anthocyanins 
present in the trapping leaves of Venus fly-traps (Dionaea muscipula) and sundews (Drosera 
spathulata) are produced when the plants become nitrogen deficient, and that this pigment production 
subsequently increases prey attraction in both species, providing a means to regain nutrients lacking 
in the substrate. Jilrgens et al . (20 1 5) proposed that anthocyanins reduce the risk of pollinator-prey 
conflict in Drosera species, as the pigments tended to deter pollinating insects, while still attracting 
insect prey, but the red pigmented leaves also lowered total prey capture. This topic of anthocyanins 
and their involvement in prey capture has been debated by some, partly due to the widely accepted 
argument that insects ' color vision is poor in the red spectrum of light (Bennett and Ellison 2009; 
Chittka et al . 200 1 ). 
It seems important not to generaliz� when determining insect color vision and its range into 
the red spectrum, as insect vision can be quite diverse among species. Briscoe and Chittka (200 1 )  
state that the spectral range of insect photoreceptors varies widely among species, with the example 
of owlflies ' visual range being from 300 to 480 nm, whereas some butterflies observe color ranging 
from 300 to 700 nm. Color vision is more often studied in floral attractiveness to pollinators rather 
than vegetative attractiveness to prey, and as Chittka et al . (200 1 )  explains, red flower coloration may 
be a strategy to deter bumble bees in flowers adapted to hummingbirds. This argument seems 
cohesive with Jilrgens et al . (20 1 5) proposition that red pigments reduce pollinator prey conflict, but 
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again, this concept would seem to require insect prey that also are attracted to the red pigments or to 
the plant by other visual or olfactory stimuli .  Chittka and Doring (2007) reviewed the "autumn 
signaling hypothesis" which suggests that bright autumn colors, such as those displayed by 
anthocyanins in senescing leaves, serve as a warning to aphids and other herbivores to stay away from 
those brightly colored leaves. From this review it appears that when green and red leaves are 
compared strictly on a one-dimensional green to red scale, red leaves are less attractive to aphids, 
compared to green leaves. Though it is unlikely for color to be the only determining factor in 
attracting insect prey by carnivorous plants, these studies do present more questions than answers in 
terms of how these red pigments are beneficial for plant genera such as Pinguicula that strongly rely 
on captured prey for nutrients (Legendre 2000) . 
The adhesive traps of Pinguicula species passively capture prey by means of stalked glands 
on the leaves that produce sticky polysaccharide mucilage and trap small animal prey that land on the 
foliage, followed by the secretion of enzymes by sessile glands that serve to digest and absorb 
nutrients (Adlassnig et al . 20 1 0). The majority of arthropod prey caught by Pinguicula is limited to 
small insects such as aphids, flies, and springtails (Legendre 2000; Pavon et al . 201 1 ) . No 
experimental studies thus far have investigated prey composition of Pinguicula species in the 
Southeastern US. The specific mechanism used by Pinguicula species to attract prey also is unknown. 
The adhesive traps lack nectaries present in other carnivorous plants such as Sarracenia and 
Nepenthes (Adlassnig et al . 20 1 0) .  Lloyd ( 1 942) comments that the mucilage emits a "delicate 
fungus-like odor" that may attract insects such as fungus gnats, but this observation has not been 
experimentally tested. Also, the glistening appearance of the leaves due to mucilage droplets covering 
the leaf surface, may attract insects (Juniper et al . 1 989). In terms of ultraviolet reflectance and 
possible prey attraction, the mucilage droplets reflect ultraviolet, while the stalked glands and 
digestive pools absorb ultraviolet (Joel et al . 1 985) .  No obvious ultraviolet patterns that may attract 
insects were found on the leaves (Joel et al . 1 985) .  
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Due to the conspicuous methods this plant utilizes to attract prey and the stark variation in 
leaf coloration from red to green observed in Pinguicula planifolia in the field (Annis, observation, 
March 20 1 4; Gluch 2005), questions remain regarding whether leaf color plays any role in prey 
capture for this species. The objectives of this study were to determine how foliar anthocyanins 
affects prey capture and to investigate how leaf gland density differs in red and green leaves. 
Materials and Methods 
Prey Capture 
In mid-March 20 1 4, two populations of P. p/anifolia (Site C and Site E) were utilized for the 
prey capture study. At both sites, 1 0  red P. planifolia plants were selected randomly and the newest 
fully expanded leaf on each plant was marked. Ten green plants were marked for this study, but 
leaves turned red, before the study was initiated. Rosette diameter of marked plants was recorded, as 
well as length and width of the sampled leaf. Two artificial wooden arthropod traps (3 . 5  x 5 x 0 .5  cm 
wood palette) were placed within a 1 5  cm radius of the marked plant. Traps were secured to the 
ground with metal sod staples. The traps were painted either red or green (Figure 3 . 1 )  and smeared 
with TangleTrap Sticky Coating (The Tangle Company, Grand Rapids, MI). Specific paint colors for 
the green and red traps were chosen by using a color palette and matching the closest available paint 
color to natural leaf colors observed in the field. Traps were set for 3 days, then collected, covered 
with wax paper and stored in plastic bags White electrical tape was carefully applied to the marked 
leaf, peeled off, and placed in 70% ethanol . Prey was identified later by Dr. Charles Helm (University 
of Illinois, Champaign, IL) . This prey capture procedure was repeated for the same plants (different 
leaf) after 2 weeks. 
In mid-March 20 1 5 , one field site, Site F, was utilized for another round of prey capture. 
Twenty red plants and 20 green plants were marked, and the same type of red and green painted wood 
arthropod traps (3 .5  x 5 x 0.5 cm wood palette) were placed within a 1 5  cm radius of the marked 
plant, and smeared with TangleTrap Sticky Coating (The Tangle Company, Grand Rapids, MI) . The 
same procedure was followed for trap collection, prey collection from leaves, and prey identification. 
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Leaf dimensions were used to obtain number of prey captured/cm2 (calculated using Area = rr 
* semi-maj or axis * semi-minor axis) . A two way analysis of variance was performed to determine 
the effects of trap type (wooden or leaf) and trap color (red or green) on prey capture. Prey 
identification allowed determination of taxa percentages caught per trap or per leaf. All statistical 
analyses were run using SPSS Statistics Version 22. 
Leaf Gland Density 
At each of the 7 study sites, 1 0- 1 5  red or green leaves were collected (each from a separate 
plant) and placed into glass jars containing formalin ( 5% ) , acetic aci d ( 5% ) , alcohol (90%) for 
fixation of tissues . Leaves were determined to be "red" or "green" based on vi sual ization and 
confirmation with an anthocyanin content meter ( ACM-200 Plus) .  Leaves were stored in 70% ethanol 
after 2 weeks of fixation. 
Leaf clearings were performed to conduct gland density counts .  A l eaf was removed from 
70% ethanol and a smal l (-1 cm2) section of leaf from the mi d-section of the blade was cut for 
processing. Leaf sections were rehydrated with dist i l led water and c leared with a 5% NaOH solution 
at 40°C for 2 hours . Sections were stained in watch crystals of distil led water with I 0 drops of I %  
safranin in 50% ethanol for 1 5  hours . Sections were dehydrated in a graded ethanol series (95%, 
1 00% ) , and c leared in l imonene. Adaxial leaf c learings were mounted with Permount onto 7 5 x 25  
mm glass s l ides with 22  x 22  mm glass coversl ips .  A digital microscope camera (OptixCam 3 . 3  ICE)  
attached to  a compound light microscope was used to  photograph clearings . A photograph was taken 
at the four comers of each clearing (or as c lose as possible)  at I OOx magnifi cation (F igure 3 .2 ) . A 
total of 28 l eaf clearings were assessed for gland density (2  c learings per l eaf color/site. The Cel l 
Counter function in lmageJ was used to count number of stalked and sessi l e  glands present on the l eaf 
in each l OOx magnification photograph. A one way analysi s of variance was performed to compare 
stalked or sessi le gland densities between red/green l eaves .  All statistical analyses were run using 




A two-factor analysis of variance showed a significant effect of trap color on prey capture 
[F( l ,  1 1 5 )  = 5 .3 , p S 0.05] (Table 3 . 1 ), with green coloration capturing more prey than red coloration 
(Table 3 .2). Trap type also had a significant impact on prey capture [F( l ,  1 1 5) = 1 0 .7, p S 0.05] 
(Table 3 . 1 ), with painted wood blocks capturing more prey than leaves. No significant interaction 
occurred between trap color and trap type [F( l ,  1 1 5 )  = 0.0, ns] . In 20 1 4, red leaves captured mostly 
Collembola (64%) followed by Nematocera ( 1 2%) (Figure 3 .3) .  In 20 1 4, red wooden traps captured 
34% Collembola, 1 9% Hemiptera, 1 9% Brachycera, and 1 6% Nematocera. In 20 1 4, green wooden 
traps captured 43% Collembola followed by 23% Nematocera and 2 1  % Brachycera (Figure 3 .3) .  In 
20 1 5 , both red and green leaves captured a large percentage of Collembola (62 and 67%, 
respectively) followed by Arachnida ( 1 4  and 1 7%, respectively) (Figure 3 .4). In 20 1 5 , red wooden 
traps captured 43% Nematocera, while green wooden traps captured 50% Nematocera. In 20 1 5 , more 
Collembola was captured by red wooden traps (43%), compared to green wooden traps (37%) (Figure 
3 .4). 
Leaf Gland Density 
Number of stalked glands was significantly higher [F( l ,  54) = 4.6, n = 28, p S 0.05] on red 
leaves ( 1 2 .7  ± 1 .0) compared to green leaves (9.9 + 0.9). Number of sessile glands was not 
significantly different [F( l ,  54) = 0.5 ,  n = 28, ns] between red (200.0 ± 12 .9) and green leaves ( 1 88.4 
± 1 0.4). 
Discussion 
Prey Capture 
In contrast to emerging arguments that certain carnivorous plants utilize anthocyanins to 
attract prey (Ichiishi et al . 1 999; Schaefer & Ruxton 2008), results of this study suggest that green 
leaves of P. planifolia catch more prey than red leaves. It is evident from our quadrat, light 
manipulation, and chamber studies that increased anthocyanin production is due to increases in light 
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intensity exposure. This response leaves the question of how animal prey is attracted to these plants in 
the first place. With a lack of nectaries and no obvious UV patterns that may attract insects (Joel et al . 
1 985), perhaps this species relies on olfactory cues to attract prey. Lloyd ( 1 942) mentioned that 
Pinguicula mucilage emits a "delicate fungus-like odor" that may attract insects. The majority of prey 
captured (62-67%) on red and green P. planifolia leaves was Collembola. The large maj ority of most 
Collembola species ' diet consists of fungal hyphae (Newell 1 984), and studies show that these soil 
arthropods are attracted to the odor of fungi (Bengtsson et al . 1 988 ; Hedlund et al . 1 995) .  
Prey capture among other Pinguicula species is similar in major taxa captured, but different 
in percentage of each tax on captured. Zamora ( 1 990) found the major prey of the European 
Pinguicula nevadense to be Diptera ( 62.2% ) , followed by Arachnida ( 1 7  . 1  % ) , and Collembola 
(7.6%). Pinguicula moranensis (Central Mexico) captured mostly Diptera (53 .6%), followed by 
Collembola (29. 1 %), and Arachnida ( 1 3 .2%)( Pavon et al . 20 1 1 ) .  Zamora ( 1 990) states that retention 
capacity of Pinguicula nevadense traps is the determining factor for composition of prey captured. 
Due to the similarity of taxa captured, this observation is likely the case for Pinguicula planifolia. 
However, this study was restricted to one season and should be considered a starting point for future 
research. Several environmental factors such as temperature, humidity, and rainfall likely affect prey 
availability throughout the year. Thus, future studies should incorporate other seasons into prey 
capture analyses. 
Leaf Gland Density 
The digestive glands of temperate butterworts such as Pinguicula vulgaris develop fully 
when the plant is still in bud stage (Vassilyev and Muravnik 1 988) .  Heslop-Harrison and Knox ( 1 97 1 )  
also found that temperate species of Pinguicula cannot produce new digestive glands in place of those 
that have been damaged beyond recovery. The life cycle of warm-temperature butterworts like P. 
planifolia does not include a bud stage, therefore it is unknown at what stage the digestive glands of 
these plants are fully developed. Based on these previous studies, it is likely that gland development 
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completes at an early stage for butterworts, and leaf coloration in mature plants does not impact leaf 
gland density. 
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Table 3 . 1 .  Two-way ANOVA and descriptive statistics for prey 
captured (arthropods/cm2) by trap color (green or red) or trap type 
(artificial blocks or leaves) in 20 1 5 .  
Tra2 Color Tra2 Type Mean SE n 
Green Artificial 0 .7  0 . 1 3 9  
Leaf 0 . 5  0 . 1 20 
Red Artificial 0 .6 0. 1 40 
Leaf 0 .3  0. 1 20 
Source S S  df MS F 
TrapColor 0.9 1 0 .9  5 . 3 *  
Trap Type 1 . 8 1 1 . 8 1 0. 7 *  
TrapColor * TrapType 0.0 1 0 .0 0 .0 
Error 1 9 .0 1 1 5 0.2 
Note : R Squared = 0. 1 2 5  (Adjusted R Squared = 0. 1 02) * p� 0.05 . 
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Table 3 .2 .  Number of arthropods captured 
by color (green vs. red) and trap type 
(artificial blocks vs . leaves). 
Tra2 Color Arthro2ods/ cm2 
Green 0.6 ± 0. 1 a 
Red 0.4 ± 0. 1 b 
Tra2 Type Arthro2ods/ cm2 
Artificial 0 .7 ± 0.0 a 
Leaf 0.4 ± 0. 1 b 
Values are Means ± SEs; a-b Means in 
a column without a common superscript 
letter differ (p ::;  0.05), as determined by 
Duncan's  multiple-range tests . 
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Figure 3 .  I .  Artificial wooden traps painted red or green and placed 
near marked P. planifolia plants . 
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Figure 3 .2 .  Adaxial view of P. planifolia leaf clearing. Numerous regularly spaced spherical 
sessile glands are visible, as well as the larger and darker stalked glands that are fewer in 
number and sporadically spaced. Scale bar = 1 00 µm . 
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Figure 3 .4.  Percent taxon captured on green traps, red traps, green leaves, and red leaves in 2015 .  
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Chapter 4 
Summary 
Pinguicula planifolia is a carnivorous plant native to the Florida Panhandle region of the 
United States, where it can be found in seepage slopes, bogs, wet prairies, and wet flatwoods 
communities. This plant is state threatened in Florida due to habitat loss. Pinguicula planifolia is 
unique among its six co-occurring species of butterworts in the Florida Panhandle, due to its variation 
in leaf color, ranging from bright green to deep red, due to the absence or presence of anthocyanin 
pigments. This study sought to investigate how anthocyanin production is prompted in this species 
and how prey capture and leaf gland density may be associated with the presence of anthocyanins. 
It is evident from field and laboratory studies that exposure to light intensity is a major 
contributing factor to anthocyanin production in this species. Exposure to higher light intensities 
results in higher amounts of foliar anthocyanins. These results were well supported by observations in 
the field, as P. planifolia individuals that were completely submerged in water or covered in dense 
wiregrass for long periods of time were always completely lacking in visible foliar anthocyanins. 
While the role of anthocyanins in vegetative tissues remains a debated topic, these results support 
anthocyanins in a photoprotective role against potentially damaging UV radiation. In addition, 
substrate nutrients and pH levels may contribute to the amount and/ or type of foliar anthocyanins 
produced, as nutrients such as soil calcium and water bicarbonates were positively correlated with 
anthocyanin content, and both soil and water pH were positively correlated with anthocyanin content. 
The questions remains as to why this butterwort' s  congeners do not produce foliar anthocyanins 
under elevated light conditions or variable substrate conditions. Future studies should focus on 
investigating the evolutionary mechanism that prompted anthocyanins to become so prominent in this 
species. Also, it is unclear whether foliar anthocyanin production provides any kind of advantage to 
growth or reproduction in this species . Future studies could investigate photosynthetic activity and/or 
reproductive output in red versus green plants. 
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In addition to confirming the link between light intensity and anthocyanin production, 
chamber study results also revealed that light exposure is an important environmental factor during 
the early growth stage of this species. Higher die-offs occurred when plants were grown in low light 
conditions (652.2 ± 3 1 .2 µmol/m2/s) compared to high light conditions ( 1 343.6 ± 27.8 µmol/m2/s) . 
Also, the highest survival rates and largest rosette diameter was observed in plants that remained 
submerged in distilled water for 4 months. Field observations support these results . P. planifolia often 
grows in completely submerged conditions of natural areas . Several P. planifolia populations were 
observed to remain underwater for weeks at a time, and individuals within these populations were 
always very large in diameter. It is unknown whether this contrast in size between submerged and 
unsubmerged conditions is a factor of plants compensating for lack of light exposure with increased 
surface area. These results also raise the question as to how plants that are completely submerged in 
poor nutrient conditions obtain the nutrients necessary for growth and reproduction, when prey 
capture is seemingly impossible. Future studies could investigate the possibility of microscopic 
organisms as potential prey for these plants in permanently submerged populations. 
Prey capture in Pinguicula planifolia is not enhanced by anthocyanin production, as a higher 
number of insects/cm2 was captured by green leaves (0.5), compared to red leaves (0.3) .  These results 
appear to conflict with the potentially beneficial role of photoprotection that anthocyanins may serve 
for this species. As this study was limited to one season, future studies should focus on sampling prey 
capture between red and green leaves in all seasons and maximizing sample size. With most animal 
prey being very small Collembolans and Dipterans, prey capture in this species appears to be 
regulated by adhesiveness of the trapping mechanism. No apparent mechanism for attracting prey is 
known for any species of Pinguicula. Future investigations should investigate if animal prey is indeed 
attracted to butterworts, or if prey capture simply occurs by chance. 
In reference to leaf gland density, stalked glands were more numerous on red leaves 
compared to green leaves, although the density of sessile glands did not differ with leaf color. Though 
differences were observed for stalked glands, it remains unclear whether leaf gland density is 
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impacted by leaf color. Previous studies on temperate butterworts reveal that digestive glands are 
fully developed at an early growth stage and glands that are severely damaged cannot be renewed. 
These studies warrant the argument that environmental factors such as light intensity have little to no 
effect on leaf gland density of butterworts at a mature growth stage. Future studies should focus on 
timing of gland development for Southeastern butterworts and the role that environmental factors 
such as light intensity may have on gland density during gland development. 
Management considerations are always important when dealing with a state-listed species . 
The Florida Panhandle is truly an epicenter for carnivorous plant diversity within the United States .  
One of the most important management considerations for these rare plants is maintaining a 
community that supports the plant' s  entire life cycle. Maintaining these communities (seepage slopes, 
bogs, wet prairies, and wet flatwoods) that support P. planifolia with prescribed fire (2-3 years) will 
ensure an open understory, allowing necessary light exposure for germination and early seedling 
growth of this species. The physiological role of foliar anthocyanins in this species remains unclear. 




Chamber study results: 3 and 4 month observations of chamber light transfers and 
fertilizer/water treatments 
The following observations are an extension of the chamber study results, taking place at 3 
and 4 months after chamber light transfers and fertilizer/water treatments were initiated. Three month 
observations showed a significant effect of light treatments on visual score [F(3 , 59) = 1 1 . 1 ,  p _:s 0.05] 
(Table A l ), with high to high and low to high treatments showing significantly higher anthocyanins 
compared to all other light treatments (Table A2) .  Four month observations showed a significant 
effect of light treatments on visual score [F(3 , 57) = 1 3 .7, p .:S 0.05] (Table A3), with high to high and 
low to high light treatments showing significantly higher anthocyanins compared to all other light 
treatments, and high to high light treatments having significantly lower anthocyanin levels than low to 
high treatments (Table A2). Light treatments significantly impacted rosette diameter at 3 and 4 month 
observations (Tables A4-A5), with high to high and high to low treatments having significantly 
higher rosette diameter than all other treatments, at both observation times (Table A2) .  Light 
treatments also significantly impacted leaf number (Tables A6-A 7), with high to low and high to high 
treatments having significantly higher leaf numbers compared to all other light treatments, at both 
observation times (Table A2) .  
At 3 and 4 month observations, fertilizer/water treatments significantly impacted visual 
scores (Tables Al  and A3), with below fertilizer and submerged treatments showing significantly 
lower anthocyanins than all other fertilizer/water treatments (Table A8). At 3 and 4 month 
observations, fertilizer/water treatments significantly impacted rosette diameter (Tables A4-A5), with 
submerged treatments having significantly higher rosette diameter compared to all other 
fertilizer/water treatments (Table A8). Fertilizer/water treatments had no significant impact on leaf 
number at all observation times (Tables A6-A 7).  
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Table A l .  Two-way ANOVA and descriptive statistics for visual score 1 by 
lis:ht and fertilizer/water treatments, three months after treatments started. 
Fertilizer/Water 
Light Treatments Treatments Mean SE n 
Low to Low Control 1 .8 0 .5 6 
Spray Water 2 .7  0 .6  6 
Spray Fertilizer 2 .8  0.4 5 
Below Fertilizer 1 .0 0.0 1 
High to Low Control 2.2 0 .5 6 
Spray Water 2 .7 0.3 6 
Spray Fertilizer 2 .8  0.4 6 
Below Fertilizer 1 .0 0.0 2 
Submerged 1 .0 0.0 6 
High to High Control 4.2 0.4 6 
Spray Water 4.5 0.3 6 
Spray Fertilizer 4.3 0.4 6 
Below Fertilizer 2 .3 0 .6 4 
Submerged 1 .0 0.0 6 
Low to High Control 4.0 0.0 1 
Spray Water 4.0 0.0 
Spray Fertilizer 4.0 0.0 2 
Below Fertilizer NA2 NA NA 
Source SS df MS F 
Light 3 1 . 8 3 1 0 .6 1 1 . 1  * 
Fertilizer 56.2 4 1 4. 1  1 4.7* 
Light * Fertilizer 8 .5  9 1 .0 1 .0 
Error 56.4 59 1 .0 
Note : R Squared = 0.652 (Adjusted R Squared = 0 .558) * p-:S 0.05 
1 Visual score values based on the following: 1 =green, 2=mostly green, 
3=red/green, 4=mostly red, and 5=red. 2 Plants were lost. 
86 
Table A2. The effect of light treatments on visual score 1 ,  rosette diameter (mm), and leaf number, 3 and 4 months 
after light and fertilizer/water treatments started. 
3 Months 4 Months 
Rosette Rosette 
Treatment Visual Score Diameter Leaf Number Visual Score Diameter Leaf Number 
Low to Low 2.3 ± 0.3 b 4.0 ± 4.0 b 3 .2 ± 0.9 b 1 .9 ± 0.3 c 4.6 ± 3 .6  b 
High to Low 2 . 1 ± 0.2 b 54.9 ± 2 .8  a 1 0 .2 ± 0.6 a 2 .0 ± 0.2 c 59 . 1 ± 2 .4 8 
High to High 3 . 3  ± 0.2 a 56.3 ± 2.4 a 9.7 ± 0.6 8 3 .3 ± 0.2 b 5 5 .6 ± 2 .2 a 
Low to High 4.0 ± 0 .5 a 1 0 .0 ± 6 .7 b 4.0 ± 1 .5 b 4.3 ± 0 .5 a 1 1 .0 ± 5 .9 b 
Values are Means ± SEs; a-c Means in a column without a common superscript letter differ (p� 0.05),  as 
determined by Duncan ' s  multiple-range tests . 1 Visual score values based on the following: 1 =green, 
2=mostly green, 3=red/green, 4=mostly red, and 5=red. 
2 .8  ± 0.9 b 
9 .8  ± 0.6 a 
9.7 ± 0.6 a 
4.3 ± 1 .6 b 
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Table A3 . Two-way ANOVA and descriptive statistics for visual score 1 by 
Hsht and fertilizer/water treatments, four months after treatments started. 
Fertilizer/Water 
Light Treatments Treatments Mean SE n 
Low to Low Control 1 .0 0.0 5 
Spray Water 2 .8  0 .7  5 
Spray Fertilizer 2.2 0 .5 5 
Below Fertilizer 1 .0 0.0 1 
High to Low Control 2 .2 0 .5  6 
Spray Water 2 .3 0 .2 6 
Spray Fertilizer 2 .8  0 .5  6 
Below Fertilizer 1 .0 0.0 2 
Submerged 1 .0 0.0 6 
High to High Control 4.2 0.4 6 
Spray Water 4.3 0.3 6 
Spray Fertilizer 4.3 0 .4 6 
Below Fertilizer 1 .5 0.3 4 
Submerged 1 .3 0.2 6 
Low to High Control 4.0 0.0 
Spray Water 4.0 0.0 1 
Spray Fertilizer 4 .5 0 .5  2 
Below Fertilizer NA2 NA NA 
Source SS df MS F 
Light 3 5 .3 3 1 1 . 8  1 3 .7* 
Fertilizer 46.7 4 1 1 .7 1 3 .6* 
Light * Fertilizer 1 2 .9 9 1 .4 1 .7 
Error 48.9 57  0.9 
Note : R Squared = 0 .702 (Adjusted R Squared = 0.6 1 8) * p� 0.05 
1 Visual score values based on the following: 1 =green, 2=mostly green, 
3=red/green, 4=mostly red, and 5=red. 2 Plants were lost. 
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Table A4. Two-way ANOV A and descriptive statistics for rosette diameter 
(mm) by light and fertilizer/water treatments, three months after treatments 
started. 
Fertilizer/Water 
Light Treatments Treatments Mean SE n 
Low to Low Control 4.0 1 .2 6 
Spray Water 3 .2 0.4 6 
Spray Fertilizer 4. 1 0 .8  5 
Below Fertilizer 7 .5  0 .0 1 
High to Low Control 42 .3 2 .3 6 
Spray Water 5 5 .0 5 .4 6 
Spray Fertilizer 5 1 . 1  2 .8  6 
Below Fertilizer 24.3 1 1 .7 2 
Submerged 8 1 .7 7 .0 6 
High to High Control 43 .3 4.4 6 
Spray Water 5 5 .6 4.6 6 
Spray Fertilizer 4 1 .2 3 .2 6 
Below Fertilizer 48.3 9.2 4 
Submerged 90.4 1 1 .5 6 
Low to High Control 1 5 .8  0 .0  1 
Spray Water 8 .7  0 .0 1 
Spray Fertilizer 7 .7 4.4 2 
Below Fertilizer NA1 NA NA 
Source SS df MS F 
Light 1 5606.2 3 5202. 1 3 1 . 8*  
Fertilizer 1 530 1 .5 4 3825 .4 23 .4* 
Light * Fertilizer 1 8 1 8 .6 9 202 . 1  1 .2 
Error 964 1 .6 59 1 63 .4 
Note : R Squared = 0 .855  (Adjusted R Squared = 0 .8 1 6) * p-S 0.05 . 
1 Plants were lost. 
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Table A5 . Two-way ANOV A and descriptive statistics for rosette 
diameter (mm) by light and fertilizer/water treatments, four months after 
treatments started. 
Fertilizer/Water 
Light Treatments Treatments Mean SE n 
Low to Low Control 5 .6 1 . 8 5 
Spray Water 3 . 1  0 .5 5 
Spray Fertilizer 4.9 1 .2 5 
Below Fertilizer 5 .9 0.0 1 
High to Low Control 43 .0 2 .4 6 
Spray Water 56 .7  4 .5 6 
Spray Fertilizer 53 .7  3 .2 6 
Below Fertilizer 28 .3 1 0 .6 2 
Submerged 93.3 8 .6  6 
High to High Control 45 .4 3 .9 6 
Spray Water 56 .3 3 .7 6 
Spray Fertilizer 43 .3 2 .5 6 
Below Fertilizer 48.2 9 .3 4 
Submerged 82.5 7 . 1 6 
Low to High Control 20.5 0.0 1 
Spray Water 8 .8  0 .0  1 
Spray Fertilizer 7 .3 4.9 2 
Below Fertilizer NA' NA NA 
Source SS df MS F 
Light 1 5753 .7  3 525 1 .2 4 1 . 5 *  
Fertilizer 1 5323 . 1  4 3 830 .8  30.3 * 
Light * Fertilizer 1 83 5 .0 9 203 .9 1 .6 
Error 72 1 5 .9 57  1 26.6 
Note : R Squared = 0.702 (Adjusted R Squared = 0.6 1 8) * p-:5. 0.05 . 
1 Plants were lost. 
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Table A6. Two-way ANOV A and descriptive statistics for leaf number by 
li�t and fertilizer/water treatments, three months after treatments started. 
Fertilizer/Water 
Light Treatments Treatments Mean SE n 
Low to Low Control 3 .7 0 .7 6 
Spray Water 2 .5  0 .2  6 
Spray Fertilizer 3 .0 0 .6 5 
Below Fertilizer 6 .0 0.0 1 
High to Low Control 8 .7  0 .7  6 
Spray Water 1 3 .2 2 .0  6 
Spray Fertilizer 1 0 .7  1 .4 6 
Below Fertilizer 6 .5  0 .5 2 
Submerged 9 .7  1 .3 6 
High to High Control 9 .5  0 .9 6 
Spray Water 1 0 .8  1 .4 6 
Spray Fertilizer 1 0 .8  1 .3 6 
Below Fertilizer 9 .5  1 .4 4 
Submerged 7 .8  1 .6 6 
Low to High Control 5 .0 0.0 1 
Spray Water 4.0 0.0 1 
Spray Fertilizer 3 . 5  0 .5 2 
Below Fertilizer NA1 NA NA 
Source SS df MS F 
Light 362 .9 3 1 2 1 .0 1 4.3*  
Fertilizer 22.2 4 5 .6 0 .7 
Light * Fertilizer 95 .9 9 1 0 .7 1 .3 
Error 499.7 59 8 .5  
Note : R Squared = 0.625 (Adjusted R Squared = 0.524) * p-::::_ 0.05 . 
1 Plants were lost. 
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Table A 7. Two-way ANOV A and descriptive statistics for leaf number by 
liSiht and fertilizer/water treatments, four months after treatments started. 
Fertilizer/Water 
Light Treatments Treatments Mean SE n 
Low to Low Control 2 .8  0.4 5 
Spray Water 2 .6 0 .4 5 
Spray Fertilizer 3 .0  0.3 5 
Below Fertilizer 2 .0 0 .0 1 
High to Low Control 9.0 0 .5  6 
Spray Water 1 1 .0 1 .9 6 
Spray Fertilizer 1 0.8  0 .9  6 
Below Fertilizer 6 .5  1 .5 2 
Submerged 9.5 1 .8 6 
High to High Control 1 0 .7 1 .2 6 
Spray Water 1 0.0 1 .3 6 
Spray Fertilizer 1 1 .0 1 .6 6 
Below Fertilizer 8 .0  1 .3 4 
Submerged 8 .3  1 .3 6 
Low to High Control 5 .0  0 .0  1 
Spray Water 5 .0  0 .0  1 
Spray Fertilizer 3 . 5  1 .5 2 
Below Fertilizer NA1 NA NA 
Source SS df MS F 
Light 433 .5 3 1 44.5 1 6. 5*  
Fertilizer 34.3 4 8 .6 1 .0 
Light * Fertilizer 28 .0 9 3 . 1  0.4 
Error 498.0 57 8.7 
Note : R Squared = 0.600 (Adjusted R Squared = 0.488) * pS 0.05 . 
1 Plants were lost. 
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Table A8.  The effect of fertilizer/water treatments on visual score ' ,  rosette diameter (mm), and leaf number, 3 and 4 months 
after light and fertilizer/water treatments started. 
3 Months 4 Months 
Rosette Rosette 
Treatment Visual Score Diameter Leaf Number Visual Score Diameter 
Control 2 . 8  ± 0.3 a 29. 1 ± 3 .9 b 7.2 ± 0.9 a 2 .6 ± 0.3 a 32.2 ± 3 . 5  b 
Spray Water 3 .3 ± 0.3 a 36.4 ± 3 .9  b 8 .6  ± 0.9 a 3 .2 ± 0.3 a 39 .0 ± 3 . 5  b 
Spray Fertilizer 3 .4 ± 0.2 a 3 1 .0 ± 3 .2 b 7.9 ± 0.7 8 3 .3 ± 0.2 8 32 .7 ± 2 .9  b 
Below Fertilizer 1 .7 ± 0.4 b 35 .6 ± 5 .6  b 8 . 1 ± 1 .2 8 1 .3 ± 0.4 b 36 .5  ± 5 . 0  b 
Submerged 1 .0 ± 0.3 b 86. 1 ± 3 .7  a 8 . 8  ± 0 .8 a 1 .2 ± 0.3 b 87.9 ± 3 .2 a 
Values are Means ± SEs; a-c Means in a column without a common superscript letter differ (p-:::_ 0 .05),  as 
determined by Duncan ' s  multiple-range tests. 1 Visual score values based on the following: 1 =green, 
2=mostly green, 3=red/green, 4=mostly red, and 5=red. 
Leaf Number 
7 .6 ± 0.9 a 
8 .0 ± 0.9 a 
8 . 1 ± 0 .8  8 
6 .7 ± 1 .3 a 
8 .9  ± 0.9 8 
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